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ABSTRACT 
 
This study explored the effects of seasonal variability on the geochemistry 
of sinking particles and on the nitrogen cycle of the Cariaco Basin. Particle fluxes 
were measured at the base of the euphotic zone (the depth of 1% of 
photosynthetically active radiation - PAR) with drifting sediment traps during 
months of upwelling and non-upwelling regimes from March 2007 to November 
2009. Flux estimates were analyzed in the context of seasonal variations in sea 
surface temperature, primary productivity, and chlorophyll a concentrations using 
data generated by the CARIACO Time-series Program as well as satellite data. 
Additionally, nine years (1996-2000 and 2004-2007) of nutrients, phytoplankton 
taxonomy and δ15N of sinking particle data within the twilight zone (225 m) from 
the CARIACO Time-series Program were examined. Results showed that the flux 
of organic matter responded to changes in surface chlorophyll a but not to 
primary production. Sinking organic matter decreased by an order of magnitude 
from the base of the euphotic zone to the oxic-anoxic interface; most of the 
organic matter produced in surface waters was remineralized before leaving the 
upper 50-100 m. Lithogenic material often represented a large fraction of the flux. 
Isotopic analyses showed that 13C/12C ratios of sinking organic carbon were 
enriched (~-19‰) during the upwelling period and depleted during relaxation (~-
23‰). This reflects seasonal changes in inorganic carbon utilization by 
 vii 
phytoplankton and suggests that the δ13C of organic carbon in Cariaco sediments 
can be used as a proxy for carbon fixation by primary producers. The δ15N of the 
settling flux was influenced by the strength of the upwelling and the presence of 
the nitrogen fixer Trichodesmium thiebautii in the basin in different seasons; the 
15N/14N ratio of sinking nitrogen reflects both imported and local nitrogen fixation 
signals. This result argues against previous interpretations of the δ15N from the 
basin’s sedimentary record, which suggested that the nitrogen isotopic 
composition of flux is influenced by denitrification at the oxic-anoxic interface. 
 
Dissolved gas samples from the Cariaco eastern and western sub-basins 
from September 2008 (non-upwelling) and March 2009 (upwelling) were studied 
to assess the production of biogenic nitrogen gas through mass spectrometric 
N2/Ar ratiometry. Excess nitrogen gas indicated that upwelling affects the 
intensity of denitrification at the oxic-anoxic interface. In four of the six stations 
the concentration of biogenic nitrogen gas at the oxic-anoxic interface was 2.7-
6.1 µM N higher during the upwelling period than during the relaxation season 
(p< 0.001), implying that denitrification in the basin was stimulated by the vertical 
flux of organic matter and/or the ventilation of the oxic-anoxic interface by 
oxygenated and nutrient-rich intermediate Caribbean waters. 
 
 
 1 
 
 
GENERAL INTRODUCTION 
 
To understand the causes of environmental variability from seasonal to 
millennial timescales it is necessary to understand the processes that control the 
exchange of carbon and nitrogen between the atmosphere and the ocean. The 
ocean removes and returns CO2 to the atmosphere, and important processes 
controlling this rate are primary production and respiration, which are tightly 
coupled to the nitrogen cycle. A varying proportion of the carbon taken up by 
marine primary producers sinks as particulate organic matter, with about 1% of 
global marine primary production transferred on average to marine sediments 
every year (Muller-Karger et al., 2005). These processes depend on physical and 
chemical forcing functions, which reflect variability in climate. Geochemical 
tracers stored in marine sediments serve as proxies that help decipher climate 
and environmental conditions hundreds to tens of thousands of years ago. Of 
particular interest is the Cariaco Basin, where an exceptionally well-preserved 
sedimentary record is available (Black et al., 2007; Lea et al., 2003; Peterson et 
al., 2000). 
 
The Cariaco Basin represents an excellent site to investigate the linkages 
between the nitrogen cycle and marine productivity, and how changes in these 
processes are reflected in the bottom sediments that contain the climate records 
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(Haug et al., 1998; Meckler et al., 2007; Werne et al., 2000). This is a 1400 m 
deep tectonic depression located on the continental shelf off the northeastern 
Venezuelan coast. On its north side it is bounded by two shallow sills (~100 m), 
which isolate it from the Caribbean Sea and restrict the circulation within the 
basin (Richards, 1975; Schubert, 1982). The high primary production rates (300-
600 gC.m-2.y-1) observed in the basin lead to high settling fluxes of particulate 
organic matter, similar to other continental margin settings. Yet because of the 
slow turnover rates of waters in the basin, this system is at present anoxic below 
~250 m (Deuser, 1973; Hastings and Emerson, 1988; Richards, 1975; Richards 
and Vaccaro, 1956; Scranton et al., 1987; 2001; Zhang and Millero, 1993). 
 
Marine anoxic basins are ideal depositional systems for studying past 
climate changes because their sediments are highly preserved and exhibit 
lamination. Due to its location the Cariaco Basin is particularly good for 
reconstructing past variations of climate in the tropics at extremely high-
resolution (sub-decadal) geological timescales. Small rivers discharge 
allochthonous material into the basin during the rainy season (August to 
November), when the Inter-tropical Convergence Zone (ITZC) is at its northern-
most position. During the boreal winter-spring, the ITCZ migrates southward and 
the winds intensify, which in turn induce upwelling. During this time the 
deposition of marine particles is thus more important. Hence, variations in 
migration patterns of the ITZC are expressed as changes in the alternating 
accumulation of organic matter from terrestrial and marine sources (Black et. al., 
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1999; Haug et al., 1998; Hughen et al., 1996; Lea et al., 2003; Peterson et al., 
1991). Furthermore, terrestrial inputs observed in the titanium and iron records in 
the sediments of the basin reflect changes in the regional hydrological cycle and 
have been interpreted as shifts in the mean latitude of the ITZC on glacial/inter-
glacial timescales, and are evidences of climatic teleconnections between the 
tropics and higher latitudes (Haug et al., 2001; Peterson et al., 2005). 
 
The CARIACO (CArbon Retention In A Colored Ocean) Ocean Time-
Series program was initiated in 1995 with the objective of understanding the 
connection between surface oceanographic processes and the sedimentary 
record of the Cariaco Basin (Muller-Karger et al., 2001). This program has 
conducted monthly hydrographic cruises on board of the R/V Hermano Ginés of 
the Fundación La Salle de Ciencias Naturales (FLASA), Venezuela, to the 
CARIACO Station (10.5°N, 64.67°W). A suite of ocean carbon and 
biogeochemistry parameters are measured, including nutrient concentrations, 
phytoplankton biomass and taxonomy, zooplankton abundance and taxonomy, 
and dissolved and particulate organic and inorganic carbon, among others. 
Measurements of settling particles are conducted with moored sediment traps 
deployed at 150, 225, 440, 800, and 1300 m. These samples are analyzed to 
determine the flux and geochemical composition of sinking biogenic particles 
(mainly organic carbon, nitrogen, opal, calcium carbonate and terrigenous 
material), so as to better constrain paleoclimate sedimentary records in the 
Cariaco Basin. 
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This dissertation seeks to provide material useful to interpret the 
paleoclimate record by using the CARIACO Ocean Time-Series infrastructure 
and datasets. The study examines on the seasonal variability of the 
geochemistry of the particulate organic matter (OM) exported from the euphotic 
zone to deeper waters and on the nitrogen cycle in the Cariaco Basin. The 
dissertation has three core chapters, which are focused as follows: 
 
The first chapter examines (1) whether seasonal changes in the flux of 
particulate organic matter (POC) out of the euphotic zone are proportional to 
variations in primary productivity and algal biomass; (2) changes in the flux of 
sinking OM with depth; and (3) the extent to which terrestrial OM and lithogenic 
material contributed to the vertical particulate flux leaving the euphotic zone. The 
results help better understand the mechanisms that modulate export production 
(the flux of OM escaping from of the euphotic zone). This study also sheds light 
on the processes that control carbon cycling and sequestration in continental 
margins, and contributes to our ability to gain insights on past changes in surface 
ocean conditions from the geochemical signals preserved in the sediments of the 
basin. 
 
The second chapter explores changes in the nitrogen isotopic composition 
(δ15N) of the vertical flux of particulate organic matter with season. The isotopic 
composition of nitrogen in varved sediments provides information about the 
nitrogen budget of the ocean on multiple space and geologic time-scales (Altabet 
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et al., 2002; Deutsch et al., 2004). Additionally, nitrogen isotopes from sinking 
organic matter allow tracking sources of bioavailable nitrogen that fuel primary 
production, which are intrinsically controlled by climate. In Cariaco, there are four 
potential sources of nitrogen for new production: (1) deep water nitrate from 
upwelling, (2) nitrogen fixation, (3) river discharge, and (4) atmospheric 
deposition. Nitrogen from each of these sources has a unique isotopic 
composition that is ultimately reflected in the δ15N of sinking particles (Altabet, 
1988, 1999; Thunell et al., 2004). Hence, identifying modern connections 
between the isotopic composition of settling nitrogen and sources of nitrogen for 
primary producers can improve our interpretation of δ15N signals in Cariaco’s 
sediments. The hypothesis of this chapter was that the 15N/14N ratio of the flux is 
similar to that of subsurface nitrate during the upwelling period, and that it reflects 
the input of local nitrogen fixation during the non-upwelling period. Our results 
indicate that the δ15N of sinking nitrogen responds to the strength of the 
upwelling and that settling particles carry a nitrogen fixation signal imported from 
the sub-tropical North Atlantic to the basin’s sediments. The results provide 
additional information helpful to interpret the δ15N signal in the sediments 
discussed by Haug et al. (1998) and Meckler et al. (2007). 
 
The third chapter focuses on the responses of denitrification in the basin 
to varying seasonal upwelling conditions. Denitrification is the conversion of fixed 
nitrogen (nitrate + nitrite + ammonia) into dinitrogen gas (N2), and occurs under 
low dissolved oxygen conditions ([O2]< ~4 µM; Codispoti et al., 2005). It is the 
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main sink of bioavailable nitrogen in the ocean, is carried out by bacteria in both 
the sediments and suboxic portion of the water column, and is modulated by 
climate at glacial/interglacial cycles (Altabet et al., 2002; Falkowski, 1997; Gruber 
and Sarmiento, 1997). In this study, seasonal changes in denitrification were 
measured as variations in the concentration of biogenic N2 (as excess nitrogen 
gas) at the oxic-anoxic interface (250-400 m), which were derived from N2/Ar 
ratios. We sought to determine whether changes in the flux of organic matter 
and/or ventilation of the oxic-anoxic interface have an effect on denitrification 
rates in the basin. We found that the concentration of biogenic N2 at the oxic-
anoxic interface was significantly higher (p <0.001) during the upwelling period 
than during thermal stratification, suggesting that denitrification is stimulated by 
either the vertical flux of organic nitrogen or the supply of oxygenated and 
nutrient-rich waters from the Caribbean to the oxic-anoxic interface during this 
time. These observations contribute to our understanding of the responses of the 
marine nitrogen cycle to short-scale environmental variability. 
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GEOGRAPHICAL SETTING 
 
The Cariaco Basin is a tectonic depression approximately 160 km in 
length, 70 km in width, and 1400 m deep on the continental shelf of Venezuela 
(Fig. 1). It is bound to the north and west by a sill (<150 m) that prevents deeper 
waters from the adjacent Atlantic Ocean and the Caribbean Sea from entering 
the basin. Surface waters from the Cariaco Basin and the Caribbean Sea 
exchange through two channels, La Tortuga (135 m) and Centinela (145 m), 
located in the northeast and northwest of the basin, respectively (Fig. 1; Lidz et 
al., 1969; Richards, 1975). Sub-surface waters (~150 m) entering into the basin 
as Sub-tropical Underwater (SUW) are the main source of nutrients in this 
coastal system.  
 
The sinking flux of organic matter generated by highly productive surface 
waters (300 to 600 gC.m-2.y-1) and the restricted ventilation of deep waters lead 
to anoxia below ~275 m depth (Deuser, 1973; Richards, 1975; Richards and 
Vaccaro, 1956; Hastings and Emerson, 1988; Zhang and Millero, 1993; Scranton 
et al., 1987; 2001). Waters at the oxic-anoxic interface have residence times of 
months to years, while bottom waters have residence times of years to decades 
(Deuser et al., 1981; Holmén and Rooth, 1990; Zhang and Millero, 1993).  
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Figure 1. Location of the Cariaco Basin. The red dot indicates the location of the 
CARIACO Station (10.5 N, 64.4 W). 
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Furthermore, the absence of oxygen in bottom waters allow for the preservation 
of varved sediments, producing one of the most studied marine climate records 
in the world (Black et al., 2004; 2007; Haug et al., 2001; Hughen et al., 2004; Lea 
et al., 2003; Peterson et al., 2000). 
 
The Cariaco Basin experiences a strong seasonal cycle driven by the 
migration of the Inter-Tropical Convergence Zone (ITCZ). During boreal winter 
and spring the ITCZ shifts to its most southerly position, resulting in strong 
easterly trade winds that cause upwelling along the Venezuelan coast; primary 
productivity is highest during this period (Muller-Karger et al., 2001, 2004). 
During this time an upwelling plume develops northward from the coastal zone of 
the basin in which the 21°C isotherm reaches the surface. Upwelled Sub-tropical 
Underwater, which is formed in the Sub-tropical North Atlantic, fuels primary 
production as it injects nutrients into the euphotic zone. During upwelling, primary 
production (PP) and particulate organic matter sediment flux are high: 14-year 
(1996-2010) PP and sediment POC flux (225 m) averages are 1,871 ±394 and 
0.08 ±0.02 gC.m-2.d-1, respectively (Muller-Karger et al., 2001; 2010). During the 
non-upwelling period, primary production (874 ±136 gC.m-2.d-1) and settling POC 
flux (0.06 ±0.02 gC.m-2.d-1) are lower. A short second upwelling pulse is 
observed every year around June-July, which extends the productive season. 
 
During boreal summer and fall, the Trades weaken as the ITCZ migrates 
northward; between August and November the basin’s mixed layer depth 
 10 
decreases from ~30-20 m (upwelling period) to <15 m. This leads to stratification 
of the basin, decreased primary production, and increased precipitation over 
northern South America (Muller-Karger et al., 2001; Peterson and Haug, 2006). 
During these months, the discharge of continental material into the basin by local 
rivers is highest (Astor et al., 1998; Elmore et al., 2009; Lorenzoni et al., 2009; 
Martinez et al., 2007; Muller-Karger et al., 2001). 
 
The cycling between high flux of particulate organic particles derived from 
phytoplankton between December and April and the higher rates of deposition of 
terrigenous particles between about August and November generates alternating 
light and dark varves in the sediment at the bottom of the basin. Each varve 
contains specific geochemical signals that provide information about surface 
climatic conditions of each period. This dissertation contributes to the 
understanding of the processes that lead to the formation, sinking, and the 
biogeochemical transformation of these particles as they sink to the sediments. 
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CHAPTER ONE: VERTICAL FLUXES OF PARTICULATE BIOGENIC 
MATERIAL AT THE BASE OF THE EUPHOTIC ZONE IN THE CARIACO 
BASIN, VENEZUELA 
 
ABSTRACT 
 
Surface-tethered particle interceptor traps (PITs) were deployed at 50 and 
100 m for two or three days on ten occasions in the Cariaco Basin between 
March 2007 and November 2009 to measure the settling fluxes of biogenic 
particles at 50 m (the base of the euphotic zone - Ez) and 100 m. Fluxes 
measured at these two depths were compared to fluxes estimated with moored 
sediment traps at 150, 225 and 410 m. For both the drifting and moored 
sediment traps we measured particulate organic carbon (POC), particulate 
nitrogen (PN), calcium carbonate, biogenic silica and terrigenous material 
concentrations, foraminiferal shell counts, as well as the carbon isotopic 
composition of the POC. Observations of surface chlorophyll a and primary 
production collected during each sampling period were examined to quantify the 
relationship between the magnitude and geochemical composition of the vertical 
flux and overlying production. The fluxes of POC, PN, calcite and silica measured 
during the upwelling season usually were higher than during the period of non-
upwelling, when surface waters are thermally stratified. POC fluxes measured 
with the drifting traps varied between 0.95 (upwelling) and 0.14 g.m-2.d-1 (non-
upwelling), compared with those from the moored traps which ranged from 0.21 
 12 
to 0.01 g.m-2.d-1. Similarly, the fluxes of biogenic opal in the upper 100 m ranged 
from 1.12 and 0.18 g.m-2.d-1, and those at greater depths varied from 0.27 g.m-
2.d-1 during upwelling to values near zero during stratification periods. The fluxes 
of POC, PN and biominerals in the upper 100 m decreased by an order of 
magnitude at the depth of the oxic-anoxic interface (~275 m). Ez-ratios (POC flux 
at the base of the Ez relative to net primary production [NPP]) in Cariaco 
oscillated between ~20-50% and are comparable to those of highly productive 
marine systems like the North Atlantic, North Pacific and Southern Ocean. 
However, T100 values (the ratio of POC flux 100 m below the base of the Ez to 
POC flux at the base of the Ez) in the basin were lower (7-20%) than those 
measured in the open ocean (31- >100%), suggesting that high degradation 
rates of sinking organic matter occur within the first 100 m of the water column in 
this location. Surface chlorophyll a concentrations and primary production rates 
were also highest during months of upwelling (3.4-0.3 mg.m-3 and 3.6-1.4 gC.m-
2.d-1, respectively). The sinking organic matter collected with the floating traps 
within the upper 100 m showed a significant correlation with surface chlorophyll a 
concentrations (r=0.68, p< 0.05). This suggests a close coupling between the flux 
of biogenic particles and the seasonal cycle of primary production in the upper 
water column of the basin. In contrast, there was no clear relationship between 
surface chlorophyll/primary production and fluxes measured by traps moored 
below 150 m depth. The settling fluxes of POC and PN were usually higher at 50 
than those measured at 100 m, whereas the flux of calcium carbonate was 
typically higher at 100 m than at 50 m. Planktonic foraminifera were also more 
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abundant in the samples from 100 m. This difference between organic and 
inorganic carbon fluxes is due to the fact that different species of planktonic 
foraminifera occupy different depth habitats.  
 
INTRODUCTION 
 
Among the most important problems in oceanography over the past 
several decades has been understanding the magnitude and variability of the 
vertical export of particulate organic materials from the sunlit surface waters of 
the ocean to deeper depths (Eppley and Peterson, 1979). In the open ocean, 
only a small fraction of the particulate organic carbon (POC) generated by 
photosynthetic plankton exits the base of the euphotic zone. Most of this export 
production is then grazed and remineralized within the so-called “twilight zone” 
(region between the base of the euphotic zone, Ez, and 1000 m; Buesseler et al., 
2007).  
 
Sediment traps have been used extensively to estimate the settling flux of 
particles throughout the water column. To a first order, the magnitude of the 
sinking POC flux in the ocean decreases exponentially with depth (Suess, 1980; 
Betzer et al., 1984; Pace et al., 1987; Martin et al., 1987), although the efficiency 
of this transfer varies regionally (Buesseler et al., 2007). On average, 1-2% of the 
carbon fixed at the surface reaches the bottom of the global ocean (Muller-
Karger et al., 2005). Since most particulate organic matter (POM) is nearly 
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neutrally buoyant in seawater, mineral ballast provides a mechanism for the rapid 
delivery of POM to the deep ocean (Armstrong et al., 2002, 2009; Archer et al., 
2002; Francois et al., 2002; Thunell et al., 2007). This process reduces exposure 
of POM to dissolution and consumption, and enhances CO2 sequestration 
(Honjo, 1980; Deuser et al., 1981; Volk and Liu, 1988; Armstrong et al., 2002; 
Francois et al., 2002). 
 
The CARIACO (CArbon Retention In A Colored Ocean) Oceanographic 
Time Series program (Muller-Karger et al., 2000, 2001) was initiated in 1995 with 
the purpose of understanding the impact of changing hydrographic/climatic 
conditions on the production and flux of particulate material in an upwelling 
dominated, continental margin setting. Furthermore, understanding these 
processes is critical to interpreting the outstanding tropical paleoclimatic record 
preserved in Cariaco Basin sediments (Peterson et al., 1991; Hughen et al., 
1996, 2004; Black et al., 1999, 2004, 2007; Haug et al., 2001). The program is 
based on monthly hydrographic and biogeochemical observations, and the 
collection of sediment fluxes using an array of five moored sediment traps in the 
basin at 10º 30’N, 64º40’W (Thunell et al., 2000, 2004, 2007; Benitez-Nelson et 
al., 2007). While the first two years of CARIACO sediment trap data (1995-1996) 
showed some coupling between the annual cycles in primary production (PP) 
and the settling flux of POC (Thunell et al., 2000; Muller-Karger et al., 2001; Goñi 
et al., 2003), a subsequent analysis of observations spanning ten years of data 
showed that the POC flux and PP are not closely coupled (Thunell et al., 2004, 
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2007). Rather, these newer results indicate that ballasting plays an important role 
in controlling the flux of POC to the deeper parts of the basin. 
 
In this study we examined the sinking flux of biogenic particles at depths 
at the bottom of the Ez and below (50 and 100 m, respectively) in the Cariaco 
Basin. The objective was to measure changes in depth of the transfer rates of 
particulate materials from surface waters to greater depths in a highly productive 
continental margin setting. We compared these results with changes in surface 
chlorophyll a concentration, primary production, and particles fluxes measured 
using deeper, moored sediment traps within the Cariaco Basin.  
 
MATERIALS AND METHODS 
 
Drifting Sediment Traps 
 
Drifting surface-tethered particle interceptor traps (PITs) were deployed 
between 2007 and 2009 at the CARIACO time series site using the R/V Hermano 
Ginés, operated by Fundación La Salle de Ciencias Naturales (FLASA, 
Venezuela), following the protocol described in the collection methods manual of 
the Bermuda Atlantic Time Series (BATS Method Manual, 1997). Two sets of six 
acrylic tubes, each mounted on a PVC rack, were attached to a line, which was 
in turn tethered to a surface buoy. One set of traps was positioned at 50 m and 
the other at 100 m depth, and sinking material was collected at these two depths 
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simultaneously. Each cylinder had a cross-sectional collection area of 0.00456 
m2, and contained a density gradient solution (brine solution plus formalin). This 
solution was used to reduce advective-diffusive exchange of the trap content with 
ambient seawater, to reduce decomposition of the organic matter during the 
deployment, and to minimize the consumption of materials by any larger 
organism entering the trap (BATS Method Manual, 1997). A 76 mm Poretics GE 
polycarbonate membrane filter was positioned at the base of each tube and 
collected all of the particulate material upon draining the sample through a valve 
at the bottom of the cylinder. A grid constructed of short acrylic cylinders, each 
1.5 cm in diameter, was placed side by side and open to the top and bottom 
across the mouth of the trap cylinders to function as a baffle to help reduce 
turbulence across the top of the trap. 
 
The PITs were deployed for periods of 19-56 hours, during which they 
drifted as much as 10 miles per day. The traps always remained on the deeper 
side of the 1000 m isobath of the eastern Cariaco sub-basin. An Argos unit 
installed on the surface buoy was used to register the track of the drifting array. 
Upon retrieval of the traps, the brine solution was drained from each cylinder 
through the bottom-mounted valve, allowing the sample material to be retained 
on the membrane filters. Each membrane filter was then removed from the 
cylinder, wrapped in pre-combusted aluminum foil paper, and kept frozen for 5-7 
days until analysis. 
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Each sample was examined under a microscope to remove swimmers 
using established protocols for sediment traps (BATS Method Manual, 1997; 
Thunell et al., 2000; Goñi et al., 2003). Foraminifera, bivalve and gastropods 
shells, and any other identifiable organism remains were identified and counted. 
After removing the swimmers, samples were dried in an oven at 65°C for 24 h, 
weighed to estimate total mass, pulverized, and placed into vials that were then 
kept in a desiccator until further analysis.  
 
Moored Sediment Traps 
 
The CARIACO time series program has systematically measured the 
sinking flux of particles using moored sediment traps since November 1995. 
Traps are located at five depths: 150, 220, 440, 800, and 1200 m. Each trap 
collected settling material falling into cone across a 1 m2 aperture, integrating flux 
samples for periods of two weeks before rotating a new cup under the trap. Each 
cup is filled with 2% formalin to avoid microbial degradation of the material. After 
collection, all samples are analyzed for bulk geochemical properties including 
POC, PN, calcite, opal and lithogenic material as described by Thunell et al. 
(2004, 2007). 
 
For this study we used moored trap data for the period January 2007 to 
October 2008. Flux measurements from the moored traps were not available for 
comparisons with those collected with the drifting traps during 2009. To compare 
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the moored trap data and floating sediment trap observations at 50 m and 100 m, 
we averaged observations from two consecutive collection periods from the 
moored traps closest to the dates of the drifting trap deployments. Thus, moored 
trap measurements correspond approximately to the two week period before and 
after the deployment of the drifting trap.  
 
Analytical Methods 
 
For the drifting traps samples, the weight percent of total carbon (%TC), 
organic carbon (%OC) and total nitrogen (%TN) were measured for two or three 
of the six samples collected at each depth using a Carlo-Erba NA2500 Elemental 
Analyzer (EA) in continuous-flow configuration. The standard deviation of 
particulate organic carbon (POC) and particulate nitrogen (PN) measurements 
was better than 0.08% and 0.01%, respectively. For organic carbon content 
analyses, two aliquots of ~1,000 µg were taken from each sample, placed into 
silver cups and exposed to 12 N HCl vapor in a fuming chamber for 36 hours to 
remove the carbonate component. Other two similar aliquots were placed into tin 
cups without exposure to acid fumes for total carbon determinations. The fraction 
of particulate inorganic carbon (CaCO3) was obtained as the difference between 
the amount of carbon in the acidified samples versus non-acidified samples. The 
isotopic composition of organic carbon was determined using a ThermoFinnigan 
DeltaPlusXL Isotope Ratio Mass Spectrometer coupled to the EA with a standard 
deviation better than 0.13‰. Biogenic silica (bSiO2) in traps was determined 
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using the wet chemical leaching technique outlined by Mortlock and Froelich 
(1989). The lithogenic flux was determined by subtracting the fluxes of POC, PN, 
CaCO3 and bSiO2 from the total mass flux. 
 
Hydrography, Chlorophyll a and Primary Production 
 
Conductivity, temperature and density (CTD) data from the CARIACO 
Time-series Program were used to detect seasonal variations in the hydrography 
of the basin during the study period. Near-surface chlorophyll a concentration 
estimates were derived from weekly and monthly composites of satellite-derived 
ocean color products, constructed using daily images collected by the Sea-
viewing Wide Field of View Sensor (SeaWiFS) and the Moderate Resolution 
Imaging Spectroradiometer (MODIS) sensor on the Aqua satellite. The 
processed images were downloaded from NASA’s Ocean Color website 
(http://oceancolor.gsfc.nasa.gov/), and mapped to 1 km2 pixel spatial resolution 
using cylindrical projection. Values of chlorophyll a concentration were extracted 
from weekly and monthly composites corresponding to each sampling period at 
pixels along the track followed by each of the drifting trap deployments. These 
values were averaged to obtain a single value of chlorophyll a concentration for 
each sampling period. Satellite estimates were compared to in situ 
measurements of chlorophyll a from the CARIACO time series program to 
assess the accuracy of the remote sensing estimates. Profiles of conductivity, 
temperature, depth (CTD), and chlorophyll a fluorescence were also carried out 
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in conjunction with each of the drifting traps deployments in order to determine 
the depth of the deep chlorophyll maximum (DCM).  
 
Primary production measurements were obtained from in situ incubations 
from the CARIACO Time-series Program. Monthly measurements followed a 
modified method by Steeman-Nielsen (1952), consisting on determining the rate 
of NaH14CO3 uptake in seawater samples from several depths between the 
surface and 100 meters during a six hour incubation at those same depths (see 
Muller-Karger et al., 2001).  
 
RESULTS 
 
POC and PN Fluxes  
 
The POC and PN flux data for the drifting sediment trap samples is 
presented in Table 1.1 and Fig. 2.1. Particulate organic matter (POM), which 
comprises both POC and PN (POM:POC= 1.87; from Anderson, 1995), within the 
upper 100 m was 15-46% of the total mass flux. High POC and PN fluxes 
routinely occurred during upwelling months (March 2007, January 2008) and all 
May months, which are considered the end of the upwelling period or transition to 
the non-upwelling regime. POC and PN fluxes were lower during months of 
thermal stratification (October and November 2007, November 2008, and 
November 2009). 
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Table 1.1. Average fluxes of components collected with the drifting sediment traps during each sampling period. Shaded cells indicate that 
difference between values at 50 and 100 m is statistically significant. All fluxes are in g.m
-2
.d
-1
. Foraminiferal fluxes are in shells.m
-2
.d
-1
. 
 
 
Depth 
(m) 
13-15  
Mar 07 
10-11  
May 07 
4-6        
Jul 07 
3-5       
Oct 07 
28-29    
Nov 07 
29-30   
Jan 08 
27-28    
May 08 
13-14    
Nov 08 
12-13    
May 09 
2-4      
Nov 09 
 
           Total Mass 50 2.93 ± 0.18 2.29  ± 0.13 1.57  ± 0.04 1.87  ± 0.18 2.18  ± 0.20 2.13  ± 0.34 4.29  ± 0.58 1.37  ± 0.08 
 
2.58  ± 0.39 
100 2.62 ± 0.13 2.19  ± 0.27 1.43  ± 0.22 2.74  ± 0.64 1.70  ± 0.15 1.86  ± 0.20 5.23  ± 0.22 1.05  ± 0.15 3.75  ± 0.31 2.37  ± 0.34 
 
           
POC 
50 0.62 ± 0.11 0.55 ± 0.02 0.39 ± 0.04 0.43 ± 0.01 0.49 ± 0.13 0.60 ± 0.08 0.95 ± 0.01 0.20 ± 0.01 
 
0.46 ± 0.13 
100 0.57 ± 0.13 0.39 ± 0.04 0.25 ± 0.03 0.27 ± 0.08 0.21 ± 0.07 0.42 ± 0.13 0.83 ± 0.02 0.14 ± 0.00 0.65 ± 0.01 0.30 ± 0.04 
 
           
PN  
50 0.10 ± 0.02 0.10 ± 0.00 0.07 ± 0.01 0.07 ± 0.00 0.10 ± 0.03 0.11 ± 0.01 0.18 ± 0.01 0.04 ± 0.00 
 
0.09 ± 0.02 
100 0.09 ± 0.03 0.07 ± 0.01 0.04 ± 0.01 0.04 ± 0.01 0.04 ± 0.02 0.07 ± 0.02 0.13 ± 0.01 0.03 ± 0.00 0.15 ± 0.01 0.04 ± 0.01 
 
           
CaCO3  
50 0.20 ± 0.06 0.83 ± 0.14 0.40 ± 0.05 0.07 ± 0.04 0.14 ± 0.10 0.22 ± 0.01 0.22 ± 0.11 0.62 ± 0.07 
 
0.83 ± 0.13 
100 0.44 ± 0.18 1.46 ± 0.69 0.36 ± 0.03 0.22 ± 0.05 0.79 ± 0.30 0.13 ± 0.16 0.68 ± 0.09 0.64 ± 0.04 1.82 ± 0.34 0.69 ± 0.01 
 
           
Opal  
50 0.78 ± 0.06  0.41 ± 0.02 0.48 ± 0.03 0.32 ± 0.00 0.66 ± 0.22 1.12 ± 0.17 0.30 ± 0.00 
 
0.50 ± 0.03 
100 0.65 ± 0.02  0.24 ± 0.01 0.58 ± 0.02 0.18 ± 0.01 0.35 ± 0.00 0.98 ± 0.01 0.18 ± 0.01 0.57 ± 0.03 0.49 ± 0.02 
 
  
 
        
Lithogenic  
50 1.15 ± 0.19  0.34 ± 0.03 0.75 ± 0.18 1.22 ± 0.03 0.91 ± 0.09 1.39 ± 0.13 0.11 ± 0.06 
 
0.36 ± 0.03 
100 0.81 ± 0.21  0.33 ± 0.00 2.14 ± 0.57 0.53 ± 0.20 0.71 ± 0.20 2.99 ± 0.51 0.07 ± 0.04 1.44 ± 0.66 0.89 ± 0.33 
 
  
 
        
Total Mineral  
50 2.13 ± 0.13  1.15 ± 0.08 1.30 ± 0.14 1.69 ± 0.13 1.79 ± 0.09 2.73 ± 0.02 1.03 ± 0.01 
 
1.69 ± 0.16 
100 1.90 ± 0.03  0.93 ± 0.03 2.94 ± 0.62 1.50 ± 0.10 1.19 ± 0.05 4.66 ± 0.55 0.89 ± 0.01 3.12 ± 0.00 2.07 ± 0.34 
 
           
%POM  
50 41 ± 4 43 ± 0 45 ± 8 45 ± 4 40 ± 6 45 ± 6 46 ± 1 30 ± 1 
 
38 ± 5 
100 41 ± 8 34 ± 1 38 ± 2 15 ± 1 22 ± 5 46 ± 9 29 ± 1 25 ± 1 31 ± 0 23 ± 1 
 
           
Foraminifera  
50 188 ± 94 
7549 ± 
1857 2045 ± 798 670 ± 285 645 ± 327 1679 ± 907 15304 ± 5716 1390 ± 596 
 
3621 ± 923 
100 587 ± 394 
11773 ± 
1164 1744 ± 452 1410 ± 577 2139 ± 352 1545 ± 292 18178 ± 5328 1788 ± 756 3257 ± 861 2561 ± 409 
 
           
C:N (atom) 
50 7.16 ± 0.19 7.26 ± 0.49 7.18 ± 0.11 7.09 ± 0.04 6.19 ± 0.13 6.78 ± 0.05 6.27 ± 0.22 7.38 ± 0.63 
 
6.39 ± 0.25 
100 7.75 ± 0.79 8.33 ± 0.63 7.26 ± 0.96 8.42 ± 1.27 7.89 ± 0.71 7.03 ± 0.13 7.67 ± 0.26 7.77 ± 0.73 5.77 ± 0.08 9.40 ± 0.15 
. 
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Figure 2.1. Shallow (50 and 100m) and deep (150 and 
410 m) fluxes of total mass, POC, PN, calcite, opal 
and lithogenic material in the Cariaco Basin during 
each deployment of the drifting sediment trap array. 
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For example, POC fluxes were higher in May compared to November 2008 
(range from 0.95 ±0.01 to 0.20 ±0.01 g.m-2.d-1 at 50 m, and 0.83 ±0.02 to 0.14 
±0.00 g.m-2.d-1 at 100 m, respectively). PN fluxes at 50 m and 100 m were also 
higher in May compared to November 2008 (0.18 ±0.01 g.m-2.d-1 and 0.04 ±0.00 
g.m-2.d-1 at 50 m; 0.13 ±0.01 and 0.03 ±0.00 g.m-2.d-1 at 100 m, respectively). 
The fluxes of POC and PN captured at 50 m were generally higher than those at 
100 m. 
 
Table 1.2 and Fig. 2.1 summarize average settling fluxes captured by the 
moored traps at 150, 225, and 410 m from January 2007 to November 2009. 
POM accounted for 9-21% of the total mass flux at these three depths. The 
settling flux of POC estimated at 150, 225, and 410 m decreased rapidly with 
depth, and ranged between 0.21 at 150 m and 0.01 g.m-2.d-1 at 410 m. PN flux 
also decreased with depth, from 0.032 to 0.001 g.m-2.d-1. POC and PN fluxes 
peaked in May and were lowest in November.  
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Table 1.2. Average fluxes of components collected with the moored sediment traps in the CARIACO Station during 
each sampling period. All fluxes are in g.m
-2
.d
-1
. Values without SD are single measurements. 
 
 
Depth (m) Mar-07 May-07 Jul-07 Oct-07 Nov-07 Jan-08 May-08 Nov-08 
Total Mass 
150 0.91 ± 0.55 1.63 ± 0.16 1.13 ± 0.63 
 
0.74 ± 0.05 0.70 2.18 ± 0.12 0.29 
225 0.58 ± 0.10 1.85 1.30 ± 0.28 0.52 ± 0.59 1.08 ± 0.09 0.49 
 
0.27 
410 0.53 ± 0.24 0.64 ± 0.31 0.61 ± 0.05  0.99 ± 0.08 1.41 ± 0.12 1.42 ± 0.78 0.27 
POC 
150 0.05 ± 0.03 0.10 ± 0.04 0.07 ± 0.01  0.04 ± 0.00 0.05 0.14 ± 0.05 0.01 
225 0.05 ± 0.02 0.21 0.11 ± 0.03 0.03 ± 0.03 0.08 ± 0.00 0.08   
410 0.04 ± 0.01 0.04 ± 0.02 0.05 ± 0.00  0.06 ± 0.02 0.10 ± 0.03 0.07 ± 0.03 0.01 
PN 
150 0.007 ± 4x10
-3
 0.014 ± 7x10
-3
 0.011 ± 1x10
-3
  0.006 ± 1x10
-3
 0.007 0.023 ± 12x10
-3
 0.002 
225 0.007 ± 3x10
-3
 0.032 0.016 ± 6x10
-3
 0.004 ± 1x10
-3
 0.012 ± 7x10
-3
 0.008   
410 0.006 ± 5x10
-3
 0.006 ± 3x10
-3
 0.007 ± 0x10
-3
  0.009 ± 6x10
-3
 0.015 ± 4x10
-3
 0.011 ± 4x10
-3
 0.001 
CaCO3 
150 0.40 ± 0.16 0.42 ± 0.24 0.26 ± 0.18  0.23 ± 0.07 0.24 0.52 ± 0.10 0.06 
225 0.05 ± 0.00 0.28 0.25 ± 0.10 0.09 ± 0.1 0.28 ± 0.01 0.15   
410 0.06 ± 0.04 0.11 ± 0.07 0.08 ± 0.02  0.23 ± 0.05 0.26 ± 0.02 0.23 ± 0.16 0.05 
Opal 
150 0.06 ± 0.05 0.14 ± 0.09 0.12 ± 0.09  0.00 0.00 0.09 ± 0.13 0.03 
225 0.11 ± 0.06 0.25 0.27 ± 0.01 0.04 ± 0.04 - -   
410 0.10 ± 0.03 0.07 ± 0.03 0.13 ± 0.01  0.00 0.00 0.08 ± 0.12 0.01 
Lithogenic 
150 0.33 ± 0.27 0.83 ± 0.21 0.57 ± 0.33  0.40 ± 0.03 0.35 1.23 ± 0.03 0.16 
225 0.30 ± 0.00 0.79 0.51 ± 0.08 0.33 ± 0.37 0.59 ± 0.11 0.22   
410 0.27 ± 0.16 0.36 ± 0.17 0.27 ± 0.04  0.61 ± 0.02 0.89 ± 0.06 0.92 ± 0.44 0.18 
C:N (atom) 
150 7.44 ± 0.05 7.84 ± 0.62 7.33 ± 0.72  8.21 ± 0.05 7.44 7.32 ± 1.41 9.05 
225 8.12 ± 0.15 7.56 7.82 ± 0.48 8.16 ± 0.01 8.20 ± 0.27 7.42   
410 8.10 ± 0.17 8.72 ± 0.38 8.20 ± 0.28  8.15 ± 0.19 7.99 ± 0.11 8.07 ± 0.34 10.04 
%POM 
150 10 ± 0 11 ± 3 13 ± 5  11 ± 0 12 12 ± 3 10 
225 15 ± 3 21 15 ± 2 10 ± 0 15 ± 2 18   
410 15 ± 4 12 ± 1 12 ± 3 
 
12 ± 3 13 ± 3 10 ± 2 9 
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Carbon Isotopes  
 
The δ13C-POC for the drifting and moored sediment trap samples varied 
between -22.8‰ to -19.5‰, and -22.4‰ to -19.5‰, respectively (Table 1.3). 
Samples from both the drifting and moored traps typically had higher δ13C values 
during upwelling periods (March 07 and January 08; -19.5‰ to -20.4‰) relative 
to periods that were more thermally stratified (October 2007, November 2007, 
2008, and 2009; -20.3‰ to -22.8‰). 
 
Mineral Fluxes 
 
The flux of CaCO3 fluctuated 
between 0.07 ±0.04 g.m-2.d-1 
(October 2007) and 0.83 ±0.14 g.m-
2.d-1 (May 2007 and November 
2009) at 50 m, and from 0.13 ±0.16 
g.m-2.d-1 (January 2008) to 1.82 ±0.34 g.m-2.d-1 (May 2009) at 100 m (Table 1.1, 
Fig. 2.1). Carbonate fluxes at 100 m were typically higher than or equal to those 
measured at 50 m. The flux of planktonic foraminifers also showed minima in 
January-March, and maxima in May. The settling fluxes of foraminiferal shells 
varied from 18,178 ±5,328 shells.m-2.d-1 (May 2008 at 100 m) to 188 ±94 
shells.m-2.d-1 (March 2007 at 50 m). In the deeper traps, the flux of carbonate 
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oscillated between 0.52 ±0.10 g.m-2.d-1 (May 08 at 150 m) and 0.05 ±0.00 g.m-
2.d-1 (November 08 at 410 m) (Table 1.2). 
 
The fluxes of biogenic opal at 50 m were higher than or similar to those at 
100 m throughout the study period except in October 2007, when the opal flux at 
100 m was significantly higher than that at 50 m (Table 1.1). Opal fluxes 
measured at 50 and 100 m were highest in May 2008 (1.12 ±0.17 g.m-2.d-1) and 
lowest in November 2007 and 2008 (0.18 ±0.01 g.m-2.d-1, both months). In the 
deeper moored traps, opal fluxes were about an order of magnitude lower than 
those in the upper 100 m (Table 1.2). The deeper opal fluxes were highest during 
June 07 (at 225 m; 0.27 ±0.01 g.m-2.d-1) but were undetectable in November and 
January 2007 (at 150 m and 410 m; opal estimates at 225 m were not available 
for this period).  
 
The terrigenous fraction of the settling flux was often an important 
component of the total mass flux in the samples collected at 50 and 100 m (Table 
1.1), contributing 8-54% to the total mass flux at 50 m and 7-66% at 100 m. The 
settling flux of lithogenic particles at 100 m was frequently similar to that at 50 m, 
with some occasions when the flux at 100 m was higher than at 50 m (October 
2007, May 2008 and November 2009). Maximum and minimum fluxes of 
lithogenic material measured at the base of Ez (50 m) were observed in May and 
November 2008, respectively (ranges were from 0.11 ±0.06 to 1.39 ±0.13 g.m-
2.d-1 at 50 m, and from 0.07 ±0.04 to 2.99 ±0.51 g.m-2.d-1 at 100 m). A similar 
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pattern was observed in the moored trap samples (Fig. 2.1), where terrigenous 
material contributed 33-67% to the total mass flux. 
 
Fluxes of lithogenic material at depths >150 m also peaked in May 2008 
(1.23 ±0.03 g.m-2.d-1), and were lowest in November 2008 (0.16 g.m-2.d-1).  
 
Surface Chlorophyll a and Primary Production 
 
Water column temperature, surface chlorophyll a concentrations and 
primary production follow a seasonal pattern associated with the upwelling cycle 
in the basin (Fig. 2.2). High primary production and surface chlorophyll a 
concentrations coincided with periods in which the 21ºC isotherm was nearest to 
the surface as a result of the upwelling. In situ and remotely sensed chlorophyll a 
concentrations are significantly correlated (r= 0.55, p< 0.005) within the 
timeframe of this study. Both chlorophyll a concentrations and primary production 
were higher during upwelling (December to May) than those during the period of 
thermal stratification (August to November). A secondary peak in these 
parameters, associated with a weaker annual upwelling event, was observed 
between July and August (Muller-Karger et al., 2001; Astor et al., 2003). 
 
 
 
 28 
Figure 2.2. Water column temperature profiles, in situ and satellite chlorophyll a 
concentrations, and primary production measurements from the CARIACO Time-
series Program. Temperature profiles during the study period are plotted in the 
upper panel (a). In the lower panel (b): Satellite chlorophyll a (Csat) measurement 
extracted from weekly mean composites derived using images collected with the 
NASA Moderate Resolution Imaging Spectrometer (MODIS) compared to 
average in situ chlorophyll a concentrations within the first 15 m at the CARIACO 
station (10.5° N 64.4° W), and primary production measured in situ and 
integrated over the upper 100 m. Red dots indicate months in which the drifting 
sediment traps were deployed. 
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DISCUSSION 
 
Fluxes of Organic Matter at the Base of the Ez and Deeper 
 
The fluxes of POC and PN measured at the 150 m trap and deeper were 
typically an order of magnitude lower than those observed within the upper 100 
m. While the magnitudes of the fluxes may differ, the temporal patterns of POC 
and PN fluxes at 150 m are similar to those observed at 50 and 100 m (Fig. 2.1; 
r=0.78 and 0.82, respectively, with a confidence interval of 95%). Thus, the flux 
at 150 m can potentially reflect seasonal variations of the export production. 
However, there was no clear connection between these shallow (50, 100 and 
150 m) fluxes and those at deeper depths (225 and 410 m). Most of the organic 
matter produced at the surface does not reach depths of >200 m. 
 
The average C:N ratio (atom) of the organic matter collected at 50 and 
100 m is 7.31 ±0.9 and is lower than that found in the deeper moored traps (150-
410 m, 8.06 ±0.7). Sinking organic matter undergoes high degradation rates over 
short depth intervals, with preferential removal of nitrogen over carbon by 
bacterial decomposition (Knauer et al., 1979; Redfield, 1934). For example, 
Martin et al. (1987) found that C:N ratios increased from ~6 at 100 m depth to 
over 10 at 5,000 m depth in the northeast Pacific. A synthesis of published data 
revealed that the C:N ratio of particulate organic matter (POM) increases 
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systematically with depth by ~0.2 units per 1000 m throughout the global ocean 
(Schneider et al., 2003).  
 
Rapid degradation rates of organic carbon and nitrogen with depth in the 
Cariaco Basin, especially in the first 150 m, are consistent with models of 
exponential decay of organic matter with depth in the open ocean (Betzer et al., 
1984; Buesseler et al., 2007; Martin et al., 1987; Pace et al., 1987; Suess, 1980; 
Thunell et al., 2000). POC fluxes measured at 50 and 100 m were in good 
agreement with predicted fluxes using the models by Martin et al. (1987) and 
Pace et al. (1987) (Fig. 2.3), while the deeper fluxes often deviated from the 
model. In particular, many observations during the study period (March 2007, 
October 2007, November 2007 and November 2008) had POC fluxes much 
lower than those predicted by the “Martin curve” or other similar models. These 
comparisons provide additional support to previous findings in which models 
based on primary production measurements and depth are good predictors of 
export production (or E-ratios) but not of deeper fluxes in coastal systems like the 
Cariaco basin (Thunell et al., 2000). 
 
Alternative explanations for the decoupling between fluxes of organic 
matter in the top 150 m and those at 225 and 410 m can also include lateral 
advection, since the depth of the sill is ~150 m and strong currents (>20 cm.s-1) 
can affect the settling flux of particles (Alvera-Azcárate et al., 2008). Recent work 
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Figure 2.3. Measured and modeled POC fluxes in the Cariaco Basin. Black 
circles indicate fluxes measured with the drifting (50 and 100 m) and moored 
(150, 225 and 410 m) traps. In situ measurements of integrated primary 
production (IPP) in the upper 100 m of the water column from each sampling 
period were used to predict POC fluxes for each corresponding model. Modeled 
POC fluxes in November 2007 were based on integrated PP from October 2007 
since there were no PP measurements available for November 2007. 
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by Burd et al. (2010) suggests that lateral advection is an important factor 
contributing to the disconnection between carbon fluxes in surface layers and 
those below the Ez at regional scale. Also, dial vertical migration by zooplankton 
can decouple fluxes between the shallow and the deep traps. Zooplankton 
grazing during the night in surface layers can release organic matter as fecal 
pellets several hundred meters below the euphotic zone during daylight hours 
(Altabet and Small, 1990; Fowler and Knauer, 1986; Longhurst and Harrison, 
1988; Small et al., 1989; Steinberg et al., 2000). 
 
Ez-ratios and Transfer Efficiency (T100) 
 
Buesseler and Boyd (2009) introduced the concepts of the “Ez-ratio” (POC 
flux at the base of the euphotic zone relative to net primary production [NPP]) 
and “T100” (the ratio of POC flux 100 m below the base of the Ez to POC flux at 
the base of the Ez). Their aim was to improve estimates of new and export 
production and to be able to compare regions with contrasting primary production 
regimes by normalizing POC fluxes to the depth of the euphotic zone. 
 
The mean depth of the Ez in Cariaco Basin varies from 37.6 ±12.3 m 
during upwelling months to 47.9 ±13.5 m during non-upwelling months 
(Lorenzoni et al., 2011). Ez-ratios were therefore calculated using the flux 
measurements made at 50 m with the drifting traps. T100 ratios were estimated by 
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contrasting POC fluxes at 50 m with those captured with the shallowest moored 
trap (150 m). 
 
Ez-ratios in the Cariaco Basin varied between 16% and 44% with no 
apparent pattern differentiating the upwelling season and less productive 
relaxation period (Fig. 2.4a). Ez-ratios were higher (>40%) in 2008 relative to 
2007 (<20%). During the upwelling season of 2007 PP rates were higher and 
POC fluxes at the base of Ez were similar or lower than those measured during 
2008, yielding a higher Ez ratio for 2008. All Cariaco Basin Ez-ratio estimates 
were higher than values estimated for the tropical Pacific Ocean (2-7% - at 
ALOHA and EQPAC stations), but similar to those measured in more productive 
systems like the North Atlantic (45% at NABE station), the North Pacific (3-25% 
at OSP and K2-D1/K2-D2 stations), and the Southern Ocean (29-34% at KIWI-
7/KIWI-8 stations) (Buesseler and Boyd, 2009). The similarity of the Cariaco Ez-
ratios to those in these systems may be the result of: (1) extremely high primary 
production rates, (2) phytoplankton assemblages in these regions being 
dominated by diatoms, which form rapidly sinking particles rich in organic matter 
(Armstrong et al., 2002, 2009; Thunell et al., 2007); and (3) the transit time of the 
settling particles within the Ez in these systems (30-60 m Ez) is shorter than at 
the ALOHA and EQPAC stations (Ez >120 m), and thus particles are less 
exposed to degradation before escaping from the Ez.  
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Figure 2.4. Ez-ratios and T100. (a) Ez-ratios (ratio of the POC flux at the base of 
Ez to the integrated PP - bars) and primary productivity (line); (b) T100 (ratio of the 
POC flux 100 m below the base of Ez to POC flux at the base of Ez). The X axis 
of the Ez-ratios are different from those of the T100 as they were calculated based 
on different data availability. 
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T100 estimates for the Cariaco Basin (Fig. 2.4b) were between 7 and 20%, 
with higher values of 15-20% typically observed during upwelling. This is a factor 
of two to three lower than those observed at deep ocean locations (T100 was 61-
67% at ALOHA and EQPAC stations, >100% at the NABE station, 31-54% at the 
OSP and K2-D1/K2-D2 stations, and 32-80% at the KIWI-7/KIWI-8 stations; 
Buesseler and Boyd, 2009). A low transfer efficiency (T100) was unexpected for 
the Cariaco Basin, considering that we typically observe elevated opal fluxes and 
high inputs of terrigenous material, and these fluxes can serve as ballast for POC 
(Armstrong et al., 2002; Thunell et al., 2000, 2007). Another explanation for lower 
T100 values is that primary production is up to three orders of magnitude higher 
than in open ocean waters. This may affect the attenuation rate of sinking POC 
with depth since these rates are typically exponential within the twilight zone 
(Betzer et al., 1984; Pace et al., 1987; Suess et al., 1980). It is also possible that 
the bacterial communities present within the sub-oxic and anoxic layers are 
highly efficient at degrading sinking organic matter and may be actively 
contributing to increase remineralization rates in the Cariaco Basin (Scranton et 
al., 2001; Taylor et al., 2001, 2006, 2009). Low T100 values can also be a result of 
undersampling by the conical traps, particularly at shallow depths like 150 m, and 
oversampling by the PITs (Buesseler et al., 2007; Hernes et al., 2001; Murray et 
al., 1996). As a result, our measured T100 values should be considered minimum 
estimates. 
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Carbon Isotopes 
 
Our results indicate that the δ13C-POC signal generated at the surface is 
well preserved deeper in the water column. The mean δ13C-POC of particles 
captured at 50-100 m is very similar to that of the material captured at 150, 225 
and 410 m with the moored traps (R2= 0.51, p< 0.001; Fig. 2.5). This suggests 
that diagenetic and bacterial decomposition effects have a negligible impact on 
the δ13C-POC of the flux, even across the oxic-anoxic interface. 
 
Our findings corroborate the earlier work of Woodworth et al. (2004) that 
concluded that decomposition had no significant effect on the carbon isotopic 
composition of sinking organic matter throughout the Cariaco Basin water 
column. As in our study, they observed that the 13C/12C ratio of sinking organic 
matter at all depths varied seasonally in response to the upwelling cycle (high 
δ13C-POC during upwelling and low values during non-upwelling). The variations 
in 13C/12C ratios in Cariaco can be related to the utilization of CO2aq. Positive 
correlations between [CO2]aq and δ
13C-POC have previously been reported in 
other upwelling environments with extremely high [CO2]aq such as the Peruvian 
margin and the California Coast (Pancost et al., 1999; Rau et al., 2001). Elevated 
13C/12C ratios (-19 - -20‰) in POC associated with poor discrimination against 
the heavy carbon isotope by primary producers during the upwelling season in 
Cariaco possibly reflects high CO2aq utilization as: (1) phytoplankton growth rates  
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Figure 2.5. Shallow (50-100 m) versus deep (150-410 m) δ13C-POC in the 
Cariaco Basin during each sampling period of the study. Best fit linear regression 
parameter and coefficient of determination (R2) are shown.  
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are maximum during this time of the year (Woodworth et al., 2004) which can 
lead to active uptake of bicarbonate for carbon fixation (Pancost et al., 1997; 
1999; Tortell et al., 1997) and (2) major TCO2 drawdown events have been 
observed after short but intense upwelling events that have overwhelmed the 
outgassing of CO2 by the ventilation of SUW during upwelling (Astor et al., 2005). 
 
Mineral Fluxes 
 
The vertical flux of particulate inorganic carbon in Cariaco Basin is 
coupled to the settling flux of foraminiferal shells (Fig. 2.6). This is consistent with 
findings by Goñi et al. (2003) in which they demonstrated that variations in the 
flux of carbonate in the basin were mainly regulated by the abundance of 
planktonic foraminifera rather than that of coccolithophors. Both carbonate and 
foraminiferal fluxes vary in response to the seasonal upwelling cycle in Cariaco 
Basin. However, maxima in carbonate and foraminiferal fluxes do not coincide 
with the periods of highest primary production or chlorophyll a concentrations. 
Rather, the highest fluxes occur toward the end of the upwelling period (May). At 
this time, surface waters have become nutrient-depleted and primary production 
has declined dramatically. 
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Figure 2.6. Difference in the settling CaCO3 flux (in g.m
-2.d-1) and in the settling 
flux of foraminiferal shell (in shells.m-2.d-1) between 100 and 50 m. Positive 
values indicate higher fluxes at 100 m than at 50 m  
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Some species of foraminifera live below 50 m in the Cariaco Basin 
(Tedesco et al., 2003), explaining why carbonate fluxes at 100 m were often 
greater than those at 50 m (Fig. 2.6). The 100 m trap integrates the flux of 
foraminiferal shells (and carbonate) over a wider depth range than the shallower 
trap (50 m), capturing the production of both surface and sub-surface dwelling 
species. Higher particulate carbonate fluxes at 100 m than at 50 m also reflect 
the presence of sub-surface dwelling foraminiferal species living below 50 m 
depth. Seasonal changes in the relative abundance of foraminiferal shells of 
surface and sub-surface dwelling species in samples from the moored traps have 
been observed in Cariaco, and have been attributed to variability in the 
hydrographic conditions associated with the upwelling cycle of the basin 
(Tedesco et al., 2003; 2007). 
 
The particulate carbonate flux at the depths of the moored traps was 
within the range of the fluxes observed at 50 and 100 m. CaCO3 particles are 
more resilient to degradation and dissolution than sinking organic matter. 
Unfortunately, we did not have sufficient samples to examine the relationship 
between the shallow (50-100 m) and deep fluxes (150-410 m) of CaCO3. 
However, fluxes of carbonate peaked in May 2007 and 2008 in the deep traps, 
similar to what we observed in the drifting traps. This suggests that the deep 
fluxes of CaCO3 are directly linked to those in the upper 100 m, and that they are 
also in part connected to abundance of foraminifera in the euphotic zone.  
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The vertical transport of bSiO2 within the upper 100 meters in Cariaco was 
directly linked to the upwelling cycle. The fluxes of opal at both drifting trap 
depths were higher during upwelling (January to May) than during the relaxation 
period (September to November). During upwelling, near surface diatoms blooms 
result in enhanced opal fluxes (Thunell et al., 2007, 2008). Fluxes of bSiO2 
decrease significantly during the non-upwelling period. During this time, the 
abundance of diatoms declines as well (Troccoli, unpublished data).  
 
The fluxes of bSiO2 in the upper 100 meters appeared to be related to the 
depth of the deep chlorophyll maximum (DCM). For most of the trap deployment 
periods, the depth of the DCM varied between 1 and 35 m, and consequently 
fluxes of bSiO2 at 50 m were usually higher than those at 100 m. Conversely, 
bSiO2 fluxes were higher at 100 m in October 2007 when the depth of the DCM 
was at 75 m. 
 
The average flux of lithogenic particles collected in the drifting trap 
correlates well with that observed at 150 m (r= 0.85, p <0.05). However, the 
fluxes at the base of Ez (50 m) do not show a significant correlation with those at 
greater depths (Fig. 2.1). As mentioned above for opal and CaCO3 fluxes, there 
were only a few measurements of lithogenic fluxes that were simultaneous with 
those at 225 and 410 m. The historical (1995-2008) time series of moored trap 
measurements shows that, on average, lithogenic fluxes are highest in May at all 
depths. This terrigenous material moves across the southern margin of the 
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Cariaco Basin as bottom and intermediate-depth nepheloid layers that become 
detached from the shelf and extend offshore towards the end of the upwelling 
period (Lorenzoni et al., 2009).  
 
Scatter plots of POC flux versus opal flux, lithogenic flux and total mineral 
flux in the upper 100 m are shown in Figure 2.7. All simple linear regressions 
were statistically significant within a 99% confidence interval, except for the 
correlation between POC flux and lithogenic flux at 100 m. These results are 
consistent with findings by Thunell et al. (2007), who concluded that the vertical 
flux of organic carbon is coupled to the flux of minerals following the “ballasting 
hypothesis” (Armstrong et al., 2002). Thunell et al. (2007) also observed that opal 
was the dominant ballasting mineral in the Cariaco Basin, rather than lithogenic 
material or calcium carbonate. Diatoms are the primary contributor to the fluxes 
of opal and organic carbon in this region (Thunell et al., 2000; 2007). However, 
contrary to observations with the moored traps, the carbonate flux within the 
upper 100 m did not exhibit a significant statistical relationship with the POC flux. 
This discrepancy may arise from the fact that the PITs only capture the flux of 
particles within the first 100 m of the water column; there are several deep-
dwelling foraminifera species which inhabit depths greater than 100 m (Tedesco 
et al., 2007) that can act as ballast for the export of organic carbon from depths 
below the drifting trap array. 
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Figure 2.7. POC versus mineral fluxes. POC fluxes at 50 (white circles) and 100 
m (black circles) versus opal flux, lithogenic flux and total mineral flux at the 
same depths. Best fit linear regression parameter and coefficients of 
determination (R2) are shown.  
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POC flux, Primary Production and Surface Chlorophyll a 
 
Initial studies using sediment traps suggested that the POC flux within the 
twilight zone in the open ocean could be derived directly from primary production 
measurements in the euphotic zone (Martin et al., 1987; Pace et al., 1987; 
Suess, 1980). Subsequent studies (Armstrong et al., 2002; 2009; Conte et al., 
2001; Karl et al., 1996;) have however concluded that the vertical transport of 
organic carbon below the euphotic zone is uncoupled from primary production or 
export production, and that the POC flux at depth responds instead to other 
physical and biological processes. In the Cariaco Basin, Thunell et al. (2007) did 
not find a statistically significant correlation between primary production and POC 
fluxes, and suggested that the uncoupling of these processes could be explained 
by the “ballast model” proposed by Armstrong et al. (2002), which predicts that 
the vertical transport of organic matter is proportional to the mineral fraction of 
the flux and that “excess” organic matter in sinking particles is quickly 
remineralized in the upper layers. Neither shallow nor deep POC fluxes were 
correlated with primary production during our study period. However, POC fluxes 
within the upper 100 m (mean fluxes from measurements at 50 and 100 m) were 
correlated (0.68, p <0.05) with satellite-derived surface chlorophyll a 
concentrations (Fig. 2.8), consistent with the earlier findings of Muller-Karger et 
al. (2004). This suggests that surface chlorophyll estimates can be used to 
estimate export production. If this applies elsewhere, it has implications for 
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developing a better understanding of the carbon balance in shelf systems, where 
>40% of the carbon burial in the global ocean occurs (Muller-Karger et al., 2005). 
 
 
Figure 2.8. Average satellite chlorophyll a (Csat) along the track of the drifting 
sediment traps for each sampling period (using weekly and monthly composites 
from MODIS) and the corresponding POC flux measurements at 50 and 100 m.  
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CONCLUSIONS 
 
This study was aimed at understanding the relationships between biogenic 
fluxes exported from the base of the euphotic zone (Ez) and seasonal 
climate/hydrographic variability in the Cariaco Basin. We tested hypotheses on 
whether seasonal changes in both the amount and geochemical composition of 
sinking particles in the basin were linked to changes in primary production and 
phytoplankton biomass associated with the annual upwelling cycle in Cariaco 
Basin. We also addressed questions regarding the degree of attenuation of 
settling fluxes with depth and the associated changes in composition. 
 
POC fluxes measured with drifting sediment traps at the base of the Ez 
(0.52 ±0.20 gC.m-2.d-1 at 50 m) decreased by an order of magnitude by the time 
they reached intermediate depths (0.08 ±0.05 gC.m-2.d-1 at 150-225m), 
suggesting that extremely high remineralization rates occur within the upper 200 
m. The fluxes of POM and biominerals measured at the oxic-anoxic interface 
(~250 m) to greater depths with moored sediment traps did not seem to change 
with depth in the same magnitude as in the upper 200 m. All shallow and deep 
biogenic fluxes tended to peak at the end of the upwelling season (May), when 
primary production and algal biomass at the surface start to decline. The settling 
flux of biogenic particles was usually lowest during the relaxation period 
(September to November), when the water column is strongly stratified and 
surface layers are almost completely nutrient-depleted. 
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In the Cariaco Basin, Ez-ratios varied between ~20-50% and are 
comparable to those in other highly productive open ocean regions such as the 
North Atlantic, North Pacific and Southern Ocean. The vertical transport of 
organic matter is strongly linked to the settling flux of opal in the Cariaco Basin, 
as well as in these open ocean systems, where diatoms are the dominant 
phytoplankton group. However, the estimated transfer efficiency (T100) in the 
Cariaco Basin (<25%) was lower than T100 values reported for the open ocean 
(31- >100%). This is possibly due to higher excess organic matter relative to 
ballasting minerals in sinking particles in Cariaco with respect to those in the 
open ocean. This observation could also be attributed to extremely high 
remineralization rates by the bacterial assemblages present in sub-oxic and 
anoxic layers in Cariaco. Lastly, the low T100 values may be an artifact of 
sediment trap hydrodynamics resulting in artificially low flux measurements. 
 
Sinking POC in Cariaco was more enriched in 13C during upwelling 
months (~19-20‰) and more depleted during non-upwelling periods (~21-23‰). 
The δ13C-POC at 50 and 100 m was similar to that of samples from the deeper 
moored traps. This observation indicates that the carbon isotopic composition of 
organic matter generated in the upper 100 m is effectively preserved throughout 
the water column, and suggests that the δ13C-POC in the sediments of the basin 
contain a record of past changes in climatically-sensitive surface conditions.  
 
 48 
The flux of POC at the base of the Ez (50 m) does not correlate with PP, 
which is consistent with previous comparisons of PP and POC fluxes at greater 
depths, both in the Cariaco Basin and the open ocean. However, POC fluxes 
within the upper 100 m in Cariaco do covary with changes in chlorophyll a 
concentration. Clearly, phytoplankton biomass is a strong factor influencing 
export production in this region of the ocean.  
 
We found that lithogenic material was often an important component of the 
total mass flux (the fraction of terrigenous material reached values as high as 
66% in the upper 100 m), and may play important role as a ballasting mechanism 
in the export of organic matter out of the euphotic zone. 
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CHAPTER TWO: MAJOR NITROGEN SOURCES FOR PRIMARY 
PRODUCTIVITY IDENTIFIED IN SINKING ORGANIC PARTICULATES IN THE 
CARIACO BASIN, VENEZUELA 
 
ABSTRACT 
 
The isotopic composition of particulate nitrogen in marine sediments 
provides information about past changes in local oceanographic processes, as 
well as changes in the nitrogen budget of the global ocean. Our observations of 
the 15N/14N ratios of sinking particulate nitrogen over a 10-year period in the 
Cariaco Basin, Venezuela, confirm that these sediments carry information about 
seasonal upwelling and interannual variability over larger spatial scales. During 
the upwelling period of the southern Caribbean (January-April), settling particles 
in the Cariaco Basin carry a nitrogen fixation isotopic signal (nitrate δ15N ≈ 3.5-
4.0‰) that is strongly coupled to changes in sea surface temperature (SST). 
From September to November, the water column in the southern Caribbean Sea 
is strongly stratified, depleted of nutrients, but sinking particles still show a δ15N 
of 3.5-4.0‰. Our phytoplankton taxonomic observations show ten-fold higher 
abundances of Trichodesmium thiebautii in surface waters during this period 
compared to that measured during the upwelling season. In the transition period 
of May through July the δ15N of settling particles reach values of 4.5-5.0‰. We 
attribute the observed δ15N values during upwelling to the influx of Subtropical 
Underwater (SUW), which imports nitrate marked with nitrogen fixed in the 
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Atlantic Ocean into the Caribbean Sea. During the non-upwelling period, the δ15N 
in sinking particles reflects local nitrogen fixation. These findings indicate that 
15N/14N ratios of PN in the sediments of the Cariaco Basin must be interpreted 
with caution when considering the role of past climate change on sea level and 
fertility of the basin. 
 
INTRODUCTION 
 
N2 fixation is considered to be the dominant source of biologically 
available nitrogen in the ocean, with denitrification being the main sink. These 
two biological processes have very distinctive isotopic fractionation effects that 
are reflected in the δ15N [δ15N=((15N/14N)sample/(
15N/14N)standard -1) x 1000‰] of 
dissolved inorganic nitrogen species (DIN - NO3
-, NO2
-, NH4
+ and N2) and 
ultimately in that of the particulate nitrogen (PN) that sinks through the water 
column (Altabet et al., 1999; Fry et al., 1991; Haug et al., 1998). Because N2 
fixation has a small isotopic fractionation effect (-1 - -2‰, Cline and Kaplan, 
1975; Miyake and Wada, 1967; Wada and Hattori, 1976) the 15N/14N ratio of 
bioavailable nitrogen generated by N2 fixation is near 0‰ (the δ
15N of 
atmospheric N2≈ 0.6‰). As a result, particulate organic matter (POM) produced 
in environments with high abundances of diazotrophs (i.e. Trichodesmium spp.) 
and high nitrogen fixation rates tends to have a δ15N that is lower than that of the 
average global deep nitrate (~5‰; Sigman et al., 2000; 2005).  
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Marine pelagic cyanobacteria are considered the most important nitrogen 
fixers in marine oligotrophic biomes as the relative contribution of bioavailable 
nitrogen produced by these organisms to the N pool in the upper layer in many 
cases exceeds that of nitrate supply through isopycnal mixing (Capone et al., 
2005; Karl et al., 2002; Lipschultz and Owens, 1996). Of these organisms 
Trichodesmium ssp. is regarded as the main N fixer (Capone et al., 1997; 
Carpenter and Romans, 1991; Zehr et al., 2001); these diazotrophs produce 
massive blooms in the open ocean that can be detected from space (Hu et al., 
2010; Subramaniam et al., 1999). The growth of Trichodesmium spp. in sub-
tropical gyres of the Atlantic and Pacific basins is thought to support primary 
production in these ecosystems during summer stratification periods (Capone et 
al., 1997; Karl et al., 2002; Montoya et al., 2002). 
 
Denitrification, on the other hand, results in enrichment of 15N in the 
dissolved nitrogen pool because it has a large isotopic fractionation effect (20-
30‰, Barford et al., 1999). In oxygen-minimum zones (OMZ), the δ15N of nitrate 
near the thermocline is significantly higher than that of the mean oceanic value of 
~5‰ (Brandes and Devol, 2002; Cline and Kaplan, 1975; Sigman et al., 2005). 
This enriched signal is transferred to the particulate organic matter that forms 
during photosynthesis and then sinks through the water column in OMZs (Altabet 
et al., 2002; Deutsch et al., 2004; Ganeshram et al., 2000). Past changes in 
denitrification due to variation in the extent and intensity of suboxia can thus be 
registered in the sedimentary δ15N in these regions. 
 52 
Oceanic N2 fixation can influence atmospheric CO2 concentrations through 
global feedback mechanisms since it is the main source of bioavailable nitrogen 
for the biological pump (Deutsch et al., 2007; Falkowski, 1997; Gruber and 
Sarmiento, 1997). Hence, the analysis of the isotopic composition of organic 
nitrogen in marine sediments has become an important tool for understanding 
the effects of climate change on the nitrogen budget of the global ocean on 
millennial to interannual time-scales (Altabet et al., 2002; Deutsch et al., 2004). 
For example, sediment δ15N records from the Arabian Sea and the Eastern 
Tropical Pacific are marked by high amplitude variations in the 15N/14N ratio that 
are positively correlated to fluctuations in atmospheric CO2 concentrations 
(Altabet et al., 2002). Similarly, δ15N records have been used to examine 
glacial/interglacial and millemial-scale changes in the intensity of the Oxygen 
Minimum Zones (OMZ) and associated denitrification within the eastern tropical 
Pacific Ocean (Emmer and Thunell, 2000; Ganeshram et al., 2000; Pride et al., 
1999). 
 
In the modern Cariaco Basin, the δ15N of the thermocline nitrate and that 
of sinking particles do not seem to be influenced by denitrification at the oxic-
anoxic interface due to complete consumption of nitrate (Thunell et al., 2004). 
Instead, low isotopic values of nitrate and settling particles (~4‰) observed in the 
basin appear to reflect local or regional high nitrogen fixation rates. Whether local 
or regional nitrogen fixation generates a seasonal isotopic signal in the sinking 
PN in the basin remains unclear. Our study builds on the earlier work of Thunell 
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et al. (2004) and utilizes δ15N data from sinking particles collected over a 10-year 
period as part of the CARIACO Time-Series Program (Muller-Karger et al., 2000; 
Thunell et al., 2000). The objective of the study was to determine whether 
variability in the δ15N-PN reflects seasonal and interannual climate forcing in this 
location and if local nitrogen fixation can potentially impact the nitrogen isotopic 
composition of the settling flux in this location. This is important since the δ15N 
record from the Cariaco Basin has been used to model the relative contributions 
of N2 fixation and denitrification to the nitrogen pool of the basin in response to 
glacial/interglacial sea level variations (Haug et al., 1998). 
 
MATERIALS AND METHODS 
 
This project was conducted within the framework of the CARIACO 
Oceanographic Time-series Program. The aim of this project is to evaluate the 
connection between surface and atmospheric processes, such as wind driven 
upwelling, precipitation and river discharge, and the sedimentary record 
preserved in the basin (Muller-Karger et al., 2000). The program conducts 
monthly hydrographic cruises on board of the R/V Hermano Ginés to the 
CARIACO Station (10.5°N, 64.67°W) located in the eastern sub-basin, during 
which a suite of oceanographic parameters are measured on board and water 
samples are collected for further analyses using CTD-rosette (Conductivity, 
Temperature, Depth) sampling protocols as described by Muller-Karger et al. 
(2001). 
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Inorganic nutrients concentrations are measured from water samples 
collected at 17-19 depths from the surface to the bottom. The concentration of 
nitrite and nitrate are determined colorimetrically following the protocols 
described by Gordon et al. (1993). The concentration of phosphate is measured 
using the method by Strickland and Parsons (1972). The concentrations of nitrite, 
nitrate, ammonium and phosphate at 35 m were utilized in this study to estimate 
inorganic nitrogen to phosphorous ratios (N:P). This depth was chosen as it is 
closest to the base of the euphotic zone during the upwelling period in which 
nutrients are measured systematically, and because the depth habitat of 
Trichodesmium thiebautii spans the upper 20-40 m of the water column (Capone 
et al., 1997; Carpenter et al., 2004). 
 
The relative abundance of different phytoplankton groups is also 
determined using water samples collected at the CARIACO Station 
(http://www.imars.usf.edu/CAR/). Specifically, phytoplankton samples are 
collected monthly at 1, 7, 15, 25, 35, 55, 75 and 100 m, fixed with formalin 
neutralized with sodium tetraborate and analyzed in the laboratory with the 
Utermöhl technique (Hasle, 1978). In this study the relative abundance of the 
cyanobacteria T. thiebautii was determined after removing the abundance of 
nanoflagellates from the total phytoplankton cell counts.  
 
Flux measurements of settling particles are carried out continuously at two 
week sampling periods at the CARIACO Station using moored sediment traps 
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deployed at depths of 150, 225, 440, 800, and 1300 m. Prior to deployment, all 
sample cups are filled with a buffered 2% formalin solution to avoid microbial 
degradation of the material. After collection, all samples are split into quarters 
using a high precision rotary splitter. A quarter of each sample is then used for 
bulk geochemical analyses and flux determinations as described by Thunell et al. 
(2007). For this study, we used samples collected at 225 m water depth. Nitrogen 
isotopic analyses were carried out using ~25 mg of powdered samples treated 
with 10% phosphoric acid solution to remove all carbonate, rinsed with deionized 
water and dried within tin capsules. The 15N/14N ratio of bulk organic matter from 
each sample was measured using either a VG Optima Stable Isotope Ratio Mass 
Spectrometer (samples collected from 1996 to 2000; Thunell et al., 2004) and a 
VG Isoprime IRMS (samples collected from 2004 to 2007) coupled to a Carlo 
Erba elemental analyzer. The standard utilized was urea (δ15N = 0.10‰) and the 
analytical precision of the nitrogen isotope measurements was better than 0.1‰. 
In this study δ15N data are reported relative to atmospheric N2. 
 
RESULTS 
 
Seasonal and Interannual Variations in the δ15N of Sinking PN 
 
Monthly mean nitrogen isotopic values of sinking PN collected at 225 m 
were determined for three separate time periods: (1) the entire set of 9 years of 
data (1996-2000, 2004-2007), (2) the first five years (1996-2000) and (3) the last 
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four years of the series (2004-2007) (Table 2.1). The beginning and end of the 
series were examined separately because we detected a significant trend in the 
upwelling intensity over the course of the series which was also reflected in a 
number of variables including the phytoplankton composition. 
 
Overall, the δ15N of PN ranged between 2.9-6.0‰, with a mean annual 
average of 4.5‰ ± 0.7 for the entire time-series (1996-2007). Fig. 3.1a shows 
monthly medians of δ15N-PN for the monthly means computed from the entire 
dataset. The median monthly δ15N-PN values tend to be below the annual 
average (4.5‰) during both the upwelling (February-April) and maximum 
stratification (September-October) periods. Conversely, values above the annual 
average typically occur during January, May and July.  
 
Table 2.1. δ
15
N of sinking particulate nitrogen (δ
15
N-PN) measured from samples 
captured with a moored sediment trap at 225 m in the Cariaco Basin.  
 
 
1996 1997 1998 1999 2000 2004 2005 2006 2007 
Jan 3.7 4.1 4.9 4.7 4.6 5.4 6.0 4.5 4.7 
Feb 3.4 3.3 4.1 5.9 3.6 4.9 4.8 4.5 3.6 
Mar 3.4  3.9 4.3 5.2  4.8 4.8 4.1 
Apr 3.2  4.4 3.8 3.6  4.7 4.7 3.7 
May  5.1 4.6 4.9 5.2 4.2 5.9 4.0 5.6 
Jun  5.6 4.1 4.8 4.2 4.2 3.8 5.6 4.7 
Jul  4.8 5.1 4.5 4.0 4.3 5.2 6.3 5.5 
Aug  4.8 4.0 4.6 4.1 4.5 4.5 4.0 4.7 
Sep  4.5 4.0 3.7 4.0 4.8 5.1 4.5 3.8 
Oct  4.5 3.7 3.7 3.6 
 
4.5 4.1 3.7 
Nov 3.1 5.4 4.4 5.1  4.8 4.5 2.9  
Dec 3.6 5.1 4.5 4.7  5.3 4.3 3.1  
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Figure 3.1. Boxplots of the 15N/14N ratio of particulate nitrogen (δ15N-PN) 
estimated for the entire time-series of this study (1996-2007; a), and for the first 
(1996-2000; b) and second (2004-2007; c) part of the time-series. The bottom 
and top of the boxes represent the 25th and 75th percentile, respectively. The 
horizontal red bands within the boxes represent the 50th percentile (the median). 
The dashed vertical lines show one standard deviation above and below the 
mean of the data, and the red crosses indicate the outliers. The δ15N-PN monthly 
medians are connected by the continuous line, and the yearly average δ15N-PN 
is shown by the horizontal dotted line. 
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The data set for 1996-2000 shows a similar pattern, with δ15N-PN being 
below the annual average during upwelling (February-April) and stratification 
(August-October) periods, and >4.5‰ for the remainder of the year (Fig. 3.1b). 
During these years 15N/14N ratios of sinking organic particles measured in April, 
September and October months were consistently lower than the annual mean. 
For the 2004 to 2007 sampling period, the monthly medians of δ15N-PN were 
consistently higher than or equal to the annual average, except for the months of 
October and December (Fig. 3.1c). 
 
Seasonal and Interannual Variations in SST and [NO3
-] 
 
SST measurements collected over the course of the study show the 
strong seasonal upwelling cycle that occurs in the Cariaco Basin (Astor et al., 
2003; Muller-Karger et al., 2001). The mean SST during upwelling (January to 
April) and non-upwelling (September to November) periods was 24.4 ±0.7°C and 
28.3 ±0.5°C, respectively for the combined 1996-2007 data set. SST in the 
Cariaco Basin has warmed over the course of the study period. Mean annual 
SST increased by 1.4°C from 1997 (25.2°C) to 2007 (26.6°C). This increase in 
SST is more pronounced during the upwelling season (January to May) than 
when the basin is thermally stratified (Fig. 3.2). 
 
The mean nitrate concentration at 35 m is inversely related to SST (R2= 
0.59, p <0.001), exhibiting high values in the spring (4.4 ±1.2 µmol.L-1) and low 
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concentrations in the fall (0.4 ±0.6 µmol.L-1) (Fig. 3.2). Nitrate concentrations 
near the base of the euphotic zone (35 m) also show interannual variations as a 
result of the changes observed in the upwelling regime. Monthly average [NO3
-] 
at 35 m during the upwelling season was generally higher during 1996-2000 
when upwelling was more intense than during 2004-2007 when upwelling has 
weakened (Fig. 3.2). 
 
Figure 3.2. Monthly means of SST and average [NO3
-] (7-35 m) from the 
CARIACO Time-series Program, calculated between 1996 and 2000 (blue) and 
between 2004 and 2007 (red). 
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T. thiebautii Abundances 
 
Numbers of T. thiebautii colonies were consistently lower during upwelling 
than during the non-upwelling period (Table 2.2). Between January and June, the 
average abundance of T. thiebautii in the upper 100 m was 42 ±81 trichomes.L-1, 
while the average for July-December was 871 ±3957 trichomes.L-1. 
 
The high standard deviations observed during the second half of the year 
are due to two blooms of T. thiebautii that occurred in July 2000 and October 
2005 (23728 and 13858 trichomes.L-1, respectively); when these two events are 
removed from the time-series the mean abundance for this period decreases to 
74 ±131 trichomes.L-1. The average depth integrated abundances measured for  
 
Table 2.2. Monthly measurements of Trichodesmium thiebautii average densities 
(trichomes.L
-1
) within the upper 100 m in the Cariaco Basin from 1996 to 2007. 
 
 
1996 1997 1998 1999 2000 2004 2005 2006 2007 
Jan 302 0 0 0 98  0 0  
Feb 263 0 41 0 0  3 0 1 
Mar 0 0 0 172 0  48 0 3 
Apr 313 0  47 0  0 0 0 
May 0 0  94 0  0 0 1 
Jun 125  154 113 42 0 10 0 83 
Jul 114 109 107 107 23728 0 10 3 50 
Aug 80  36 50  83 3 0 4 
Sep 0 5 0 832  58  20 251 
Oct 0 145 6 0 123 103 13858 3 73 
Nov 47 44  164 105 233  46  
Dec 114 33 16 0 0 0 90 78 4 
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the upwelling and non-upwelling portions of the year were 3.5 x 106 and 8.5 x 
107 trichomes.m-2, respectively, and are comparable to those observed in the 
oligotrophic tropical North Atlantic  (Carpenter et al., 2004; Montoya et al., 2002). 
There were not clear differences in mean annual density of T. thiebautii between 
the first study period (523 trichomes.L-1, 1996-2000) and the second (388 
trichomes.L-1, 2004-2007). 
 
In 1996–2000, T. thiebautii accounted for an annual mean of 0.2% of the 
total phytoplankton assemblage, reaching a maximum of 1.6 % in September 
1999 (Table 2.3). In contrast, T. thiebautii exhibited much higher absolute and 
relative abundances during 2004-2007, reaching ~5% of the annual average 
phytoplankton assemblage due to high abundances during the non-upwelling 
periods (i.e. 47.4% in October 2005 and 53.4% in September 2007). 
 
Table 2.3. Relative abundance of Trichodesmium thiebautii in the Cariaco Basin, estimated after 
excluding the nanoflagellates abundance from the total phytoplankton count. 
 
 
1996 1997 1998 1999 2000 2004 2005 2006 2007 
Jan 0.0% 0.0% 0.0% 0.0% 0.4%  0.0% 0.0%  
Feb 0.0% 0.0% 0.1% 0.0% 0.0%  0.0% 0.0% 0.0% 
Mar 0.0% 0.0% 0.0% 0.9% 0.0%  1.0% 0.0% 0.0% 
Apr 0.1% 0.0%  0.0% 0.0%  0.0% 0.0% 0.0% 
May 0.0% 0.0%  0.1% 0.0%  0.0% 0.0% 0.8% 
Jun 0.1%  0.3% 0.0% 0.2% 0.0% 8.3% 0.0% 15.0% 
Jul 0.1% 0.1% 0.3% 0.3% 1.6% 0.0% 15.2% 0.1% 0.2% 
Aug 0.2%  0.1% 0.0%  0.1% 1.4% 0.0% 0.1% 
Sep 0.0% 0.0% 0.0% 1.6%  0.3%  0.7% 53.4% 
Oct 0.0% 0.3% 0.1% 0.0% 0.3% 0.7% 47.4% 0.0% 17.2% 
Nov 0.1% 0.1%  0.3% 0.2% 20.7%  0.8%  
Dec 0.5% 0.0% 0.1% 0.0% 0.0% 0.0% 0.1% 0.9% 0.6% 
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DISCUSSION 
 
PN δ15N and Upwelling 
 
The seasonal variability in PN δ15N primarily reflects upwelling-induced 
changes in isotopic composition of surface water nitrate. Low δ15N-PN (~3 – 4‰) 
during upwelling (January to April, Fig. 3.1a) may be due to either the transfer of 
a depleted δ15N signal from SUW nitrate imported into the basin from the 
oligotrophic North Atlantic, and/or the extent to which nitrate is utilized in the 
upper layers by phytoplankton. The nitrate in SUW upwelled in the Cariaco Basin 
has a low δ15N (3-3.5‰; Thunell et. al., 2004) and is similar to that of values 
observed within the core of the SUW in the oligotrophic tropical and subtropical 
North Atlantic (Altabet et al., 1999; Karl et al., 2002). This low 15N/14N ratio is the 
result of nitrification of 15N-depleted NH4
+ (-2 – 0‰) generated by N fixers 
(Capone et al., 2005; Saino and Hattori, 1987; Wada and Hattori, 1976). Primary 
producers consuming this 15N-depleted nitrate in the Cariaco Basin would 
generate sinking particles with a similarly low δ15N. 
 
15N depletion in sinking PN during the upwelling period could also be 
attributed to some level of isotopic fractionation (ε) during nitrate uptake by 
phytoplankton. In environments with high nitrate concentrations in surface waters 
primary producers preferentially remove 14NO3 leaving behind 
15N-enriched 
nitrate, and in some marine systems the isotopic composition of the PN in the 
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sediments have been used to infer past variations in the extent of nitrate 
utilization by phytoplankton (Altabet, 2001; Altabet and Francois, 1994; Sigman 
et al., 1999). Although nitrate in the upper layers in Cariaco seems to be fully 
exploited year round (surface [NO3
-] rarely exceeds 0.1 µmol.L-1), nitrogen 
isotope ratios in the flux are occasionally below the δ15N-NO3
- during upwelling 
months (Table 2.1), implying perhaps that incomplete nitrate utilization could 
potentially provide an additional source of δ15N depletion in the flux within the first 
four months of the year. 
 
When the trade winds relax and upwelling ceases in May the δ15N-PN 
increases and remains high through July until the end of the summer (Fig. 3.1a). 
This 15N enrichment in the flux following the end of the upwelling could reflect an 
increase in the δ15N of the residual nitrate that remains within the euphotic zone 
after selective consumption of 14NO3 by phytoplankton uptake during the 
upwelling bloom. However, we do not have δ15N-NO3 measurements in Cariaco 
with the required temporal resolution to confirm this hypothesis. The elevated 
δ15N values measured in the flux in May are followed by a slight decline in value 
in June, which we attribute to the secondary upwelling pulse that typically occurs 
in early summer each year. After this short upwelling event, the sinking PN 
appears to become enriched in 15N again in July. During the fall, the nitrogen 
isotopic composition of the flux tends to decrease, reaching the lowest values in 
October. The mechanisms driving the δ15N-PN depletion in the fall will be 
discussed in the next section of the discussion. 
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The mean δ15N-PN observations show that the nitrogen isotopic signal of 
the flux responds to changes in the strength of the upwelling (Fig. 3.1b and 3.1c). 
The average δ15N-PN estimated for the upwelling periods (January to April) was 
strongly related to the corresponding mean SST (Fig. 3.3, R2= 0.72, p <0.005). 
The SST and many other variables measured by the CARIACO program show 
that upwelling between January and May was stronger during 1996-2000 than 
during 2004-2007 (Fig. 3.2). Nitrate concentrations in surface waters were also 
higher during the earlier sampling period (Fig. 3.2). Wind measurements from 
Margarita Island, located on the northeastern side of the Cariaco Basin, show 
that the Trades diminished significantly during the course of the observation 
period, and that this led to reduced upwelling (Y. Astor, unpublished data). This 
also supports the conclusion that the increase in δ15N-PN during February and 
April in the second part of the time-series (2004-2007, Fig. 3.1c) is a direct result 
of weakened upwelling. 
 
PN δ15N and Autochthonous Cariaco Basin Nitrogen Fixation 
 
The low δ15N-PN (3-4‰) observed in the 225 m trap samples from 
September-October (Fig. 3.1a) coincide with periods of high concentrations of 
Trichodesmium thiebautii and low NO3
-:PO4
- ratios in surface waters of the 
Cariaco Basin (Fig. 3.4). In contrast, in January-May, the average NO3
-:PO4
3- 
ratio at 35 m (near the base of the euphotic zone) was close to Redfield (~16), 
and the abundance of T. thiebautii trichomes was nil. With the onset of thermal 
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stratification in June, the NO3
-:PO4
3- ratio dropped by ~50% and T. thiebautii 
increased to 8% of the phytoplankton assemblage. The secondary upwelling 
pulse in July again led to increased NO3
-:PO4
3- ratios, and a decrease in the 
abundance of T. thiebautii. 
 
 
 
Figure 3.3. Mean SST versus δ15N-PN in the Cariaco Basin calculated during 
upwelling periods (January to April) between 1996 and 2007. The solid circles 
correspond to measurements from the period 1996 to 2000 and the open circles 
to those from 2004 to 2007. The coefficient of determination (R2) and the 
statistical significance (p value) are indicated. 
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Figure 3.4. Relative abundance of Trichodesmium thiebautii trichomes and 
medians of DIN to phosphate ratios. Monthly means of the relative abundance of 
Trichodesmium thiebautii trichomes (bars) and medians of dissolved inorganic 
nitrogen to phosphate ratios (curve) were estimated for the entire time-series of 
this study (1996-2007). The relative abundance of Trichodesmium thiebautii was 
calculated after excluding the nanoflagellates from the total phytoplankton count.  
 
 
NO3
-:PO4
3- ratios of 1-2 favor the growth of N-fixers over other 
phytoplankton groups (Carpenter et al., 2004; Capone and Carpenter, 1999; 
Montoya et al., 2002). T. thiebautii reached maximum values in Cariaco Basin 
when such low nutrient ratios were observed (Fig. 3.4). Based on this, we 
conclude that nitrogen fixation by this organism is the primary cause of isotopic 
depletion in sinking PN during the non-upwelling period. 
 
An alternative source of 15N depletion in sinking PN in Cariaco during the 
late summer-fall period of stratification in Cariaco Basin could be nitrogen 
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recycling in the upper layers, a phenomenon that has been observed in sub-
tropical gyres (Altabet, 1988; Karl et al., 2002). Under oligotrophic conditions the 
fixed nitrogen that remains in the photic zone is recycled within the microbial and 
microphytoplanktonic communities and tends to be isotopically depleted because 
15N is preferentially exported to the deep ocean in fecal pellets. Although the 
relative importance of either nitrogen fixation or N recycling in lowering the 
isotopic composition of PN remains uncertain, nitrogen fixation is regarded as the 
primary mechanism for the isotopic depletion of fixed nitrogen (Karl et al., 2002; 
Montoya et al., 2002). Furthermore, there is no evidence to suggest that nitrogen 
recycling in Cariaco is an important control on the δ15N of sinking particles. 
 
We did not find significant differences in the isotopic composition of 
particulate nitrogen in the basin during the fall for the two sampling periods (Figs. 
3.1b and c), even though T. thiebautii abundances during 2004-2007 were higher 
than those during 1996-2000. It is possible that Trichodesmium spp. counts were 
underestimated due to sampling biases (Parson et al., 1984; Strickland and 
Parson, 1972), since the spatial distribution of Trichodesmium spp. and other 
cyanobacteria tends to be patchy. 
 
Karl et al. (1997) observed large seasonal variations in the δ15N-PN of the 
vertical flux near station ALOHA (tropical North Pacific gyre), and concluded that 
these were caused by the alternation of two different sources of nitrogen fueling 
new production: (1) nitrate generated by winter mixing and (2) nitrogen fixation 
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during summer stratification. In a different setting, Capone et al. (2005) also 
found that low δ15N-PN values in suspended material from the tropical North 
Atlantic was associated with high contributions of diazotrophs. 
 
If the effect of N fixation on the 15N/14N ratio of particulate material is 
observed in the tropical North Atlantic (Capone et al., 2005; Montoya et al., 2002) 
it is reasonable to expect the same in Cariaco Basin considering that the basin 
exchanges surface waters with the Caribbean and the tropical North Atlantic 
(Muller-Karger et al., 1988; 2001). Thus we conclude that low δ15N-PN values in 
Cariaco Basin during the non-upwelling period is generated primarily by 
diazotrophic activity either within the basin or by exchange of surface waters with 
Caribbean and tropical Atlantic waters. Either way, the low δ15N-PN values 
measured in Cariaco during the stratification period are a reflection of nitrogen 
fixation at the regional level. 
 
Implications for δ15N Paleoclimate Reconstructions in the Cariaco Basin 
 
Low 15N/14N ratios during interglacial periods have typically been attributed 
to local or regional N fixation induced by water column denitrification (Haug et al., 
1998; Meckler et al., 2007). Alternatively, we propose that the low isotopic values 
in sinking nitrogen in the basin are generated by two distinctive mechanisms: (1) 
the supply of SUW nitrate into the basin, which carries an N fixation signal 
imported from the North Atlantic, and (2) local or regional nitrogen fixation 
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induced by nitrate deficits in upper layers caused by classical phytoplankton 
uptake and not by denitrification. The fact that both processes operate within the 
same year due to alternating seasonal phenomena complicates the interpretation 
of the sedimentary δ15N signal preserved in the Cariaco Basin. 
 
Haug et al. (1998) and Meckler et al. (2007) studied a δ15N-PN record 
spanning the last 580 kyr from a sediment core obtained in the Cariaco Basin 
and observed that fluctuations in the nitrogen isotopic signal responded to sea-
level variations inferred from planktonic foraminiferal δ18O. They interpreted 
oscillations in the δ15N-PN as changes in the relative contribution of local 
nitrogen fixation to the sedimentary particulate nitrogen pool and proposed that 
the basin becomes a nitrogen fixing environment during sea-level high stands in 
response to a nutrient stoichiometric imbalance triggered by water column 
denitrification. Our observations suggest that denitrification in the modern 
Cariaco Basin does not have an effect on surface nitrate. Negative N* (N*= 
([NO3
-]-16[PO4
-]+2.9)*0.87; Gruber and Sarmiento, 1997) values are observed at 
the oxic-anoxic interface but not in surface waters (Thunell et al., 2004). This 
suggests that, instead, other processes such as phytoplankton nitrate uptake 
control the nutrient balance in the upper layers. Our observations suggest that 
the nitrogen fixation signals detected in the basin’s sedimentary δ15N-PN during 
interglacial periods can be generated by both the injection of 15N-depleted SUW 
nitrate into the photic zone and by local nitrogen fixation induced by thermal 
stratification during non-upwelling seasons. 
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The question remains: which of these two mechanisms is most important 
in generating isotopically-depleted sediments? At present, upwelling stimulates 
70-80% of the annual primary production in Cariaco Basin (Muller-Karger et al., 
2001). Therefore, most of particulate organic carbon and nitrogen delivered to 
the sediments each year will carry the signal from the 15N-depleted SUW nitrate. 
During periods of thermal stratification, local nitrogen fixation generates a 
depleted 15N signal, but the mass of settling material is much less. Hence, we 
speculate that low δ15N-PN values in the basin’s sedimentary record reflect 
periods of strong upwelling and primarily represent an imported N-fixation signal 
from the oligotrophic North Atlantic.  
 
CONCLUSIONS 
 
The present study identified seasonal trends in the nitrogen sources for 
primary productivity in the Cariaco Basin. The 15N/14N ratio of sinking particulate 
nitrogen varied between 2.9 and 6‰ (1996-2007). During months of upwelling 
(January to April), the mean δ15N of the flux was similar to that of Subtropical 
Underwater nitrate (3.5-4‰). A significant positive correlation between sea 
surface temperature and δ15N-PN in the sinking particle flux during upwelling 
periods (R2= 0.72, p< 0.005), suggested that stronger upwelling events are 
expressed in more 15N depletion of sinking nitrogen. We interpret this as a 
nitrogen fixation signal imported from the oligotrophic North Atlantic. During 
thermal stratification months (September to November), the δ15N of sinking 
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nitrogen was also 3-4‰. We observed that Trichodesmium thiebautii was 
abundant (~8.5 x 107 trichomes.m-2) during the non-upwelling period, indicating 
that nitrogen fixation occurs either within the basin or regionally during this 
period, leading to this depleted 15N in sinking particles. Between these seasons, 
the δ15N-PN generally increased in May (≥4.5‰) and remained high through the 
summer. The interpretation is that there is minimal supply of nitrogen with a 
nitrogen fixation signal to primary producers. This result has important 
implications for the interpretation of the δ15N signal preserved in the basin’s 
sediments and builds on previous work by Haug et al.(1998) and Meckler et al. 
(2007).  
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CHAPTER THREE: BIOGENIC NITROGEN GAS PRODUCTION AT THE OXIC-
ANOXIC INTERFACE IN THE CARIACO BASIN, VENEZUELA 
 
ABSTRACT 
 
Excess nitrogen gas, and the δ15N of dissolved N2 and NH4
+ were 
measured in samples collected at six locations in the eastern and western sub-
basins of the Cariaco Basin, Venezuela, in September 2008 (non-upwelling 
conditions) and March 2009 (upwelling conditions). During both sampling 
periods, excess N2 concentrations were close to zero in surface waters, 
increasing to ~12-30 µM N at the oxic-anoxic interface ([O2]< ~4 µM, 250-300 m). 
The average concentration of excess N2 below the oxic-anoxic interface (300-
400 m) was 24.7 ±1.9 µM N in September 2008 and 27.5 ±2.0 µM N in March 
2009; i.e. excess N2 concentrations within this depth interval were 2.7-6.1 µM N 
higher (p <0.001) in four of the six sampled stations during the upwelling season 
compared to the non-upwelling period. Excess N2 from samples collected in 
March 2009 also showed lower 15N/14N ratios relative to September 2008 at 
depths between 200 and 300 m (i.e. -109.3 and -48.8‰ versus -5.2 and -22.1‰ 
at 200 m in stations 10 and 29, respectively). The mean NH4
+ concentrations in 
the upper 200 m of the water column also were significantly higher (p <0.05) in 
March 2009 (0.13 to 0.79 µM) than in September 2008 (0.03 to 0.34 µM). The 
δ15N of ammonium at the oxic anoxic interface (250-300 m) during both cruises 
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was 7.7 ± 1.1‰, and decreased to 5.8 ± 0.7‰ at 400 m, reaching values of 4.1‰ 
at 1300 m. While we only have one year of observations, the results suggest that 
denitrification in the Cariaco Basin varies seasonally in response to changes in 
the fluxes of organic matter. We attribute the increase in excess N2 
concentrations observed in March 2009 to higher availability of fixed nitrogen for 
denitrifiers during upwelling conditions due to the increase in the flux of organic 
matter to the oxic-anoxic interface. Detection of isotopically lighter excess N2 
during upwelling versus non-upwelling conditions supports this hypothesis. The 
results also show that the contribution of ammonium to excess N2 of the basin 
can be important; the 15N enrichment of ammonium at the oxic-anoxic interface is 
indicative of utilization of NH4
+ by nitrifiers and/or anammox bacteria. 
Alternatively, denitrification could have increased in March 2009 due to 
ventilation of the oxic-anoxic interface during upwelling. 
 
INTRODUCTION 
 
‘Fixed’ nitrogen (nitrate, nitrite, and ammonium) is a limiting nutrient 
(Falkowski, 1997; Gruber and Sarmiento, 1997) and also serves as an important 
climate regulator. It controls marine primary production and thus is involved in the 
sequestration of atmospheric CO2 on glacial/interglacial cycles (Altabet et al., 
2002; Falkowski, 1997; Ganeshram et al., 2000; Gruber, 2004). The most 
important source of fixed nitrogen in the ocean is nitrogen fixation (N2 → NH4
+), 
carried out by diazotrophs. Water column and sedimentary denitrification are the 
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primary sinks of fixed nitrogen. Denitrification, as defined in the recent literature, 
includes all processes which result in the conversion of dissolved inorganic 
nitrogen (DIN) to dinitrogen gas (Chang et al., 2010; Codispoti, 2007; Devol et 
al., 2006). Bacteria mediate this transformation through either heterotrophic 
denitrification (NO3
-→NO2
-→N2O→N2), anammox (anaerobic ammonium 
oxidation; NO2
- + NH4
+→ N2), or coupled nitrification-denitrification. Large-scale 
denitrification in the global ocean occurs mainly in the three major oceanic 
oxygen minimum zones (Eastern Tropical North Pacific [ETNP], Eastern Tropical 
South Pacific [ETSP] and the Arabian Sea [AS]; Codispoti et al., 2001; Gruber 
and Sarmiento, 1997). 
 
Recent studies suggest that denitrification in today’s ocean removes DIN 
faster than the rate at which nitrogen is fixed, leading to a loss of over 200 Tg of 
combined nitrogen per year in the global ocean (Brandes and Devol, 2002; 
Codispoti, 2007). Whether this imbalance in the nitrogen inventory is due to 
underestimation of nitrogen fixation rates or overestimation of denitrification rates 
is a topic of discussion in modern oceanography (Capone and Knapp, 2007; 
Codispoti, 2007; Deutsch et al., 2007). 
 
The current global estimate of the water column denitrification rate (~50-
80 Tg N y-1) appears to be low by up to an order of magnitude (Codispoti, 2007). 
This estimate has typically been made assuming that nitrate is the sole source of 
the nitrogen in N2 and using nitrate deficits in oxygen minimum zones based on 
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Redfield N:P ratios (N*) in combination with the residence times of these oxygen 
depleted water masses  (Gruber, 2004; Gruber and Sarmiento, 1997; Gruber and 
Sarmiento, 2002). Although NO3
- is by far the most abundant form of fixed 
nitrogen in the ocean, the use of other DIN species (and potentially organic 
nitrogen as well) by denitrifiers could account for the gap between previous and 
recent denitrification rates estimates (Codispoti et al., 2001; Dalsgaard et al., 
2003; Kuypers et al., 2003; Thamdrup et al., 2006). 
 
Devol et al. (2006) and Chang et al. (2010) estimated the removal of fixed 
nitrogen through water column denitrification by directly measuring the amount of 
dissolved excess N2 in the Arabian Sea and the Eastern Tropical South Pacific, 
respectively, under the assumption that denitrification is the only source of 
biogenic N2. An objective was to overcome uncertainties associated with regional 
variations of N:P ratios and the complexities of DIN conversion pathways. Excess 
nitrogen gas was also measured in the anoxic waters of the Black Sea by 
Fuchsman et al. (2008), who attributed interannual variations in the amount of 
excess N2 and its isotopic composition to enhanced fluxes of organic matter from 
phytoplankton blooms. Despite these efforts many questions regarding the role of 
organic matter as a source of nitrogen fueling water column denitrification remain 
unanswered.  
 
The Cariaco Basin offers an ideal setting to address the question of a 
linkage between surface productivity and the loss of fixed nitrogen at depth. The 
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Cariaco Basin exhibits water column denitrification and seasonal variability in 
phytoplankton production and the vertical flux of particulate organic matter. One 
of the first measurements of marine dissolved ‘excess N2’ was carried out in 
anoxic waters of the Cariaco Basin by Richards and Benson (1961) using N2/Ar 
ratiometry. They compared deviations of measured N2/Ar ratios from expected 
atmospheric equilibrium and assumed that Ar profiles are conservative. The 
present work builds on Richards and Benson’s findings, and reports new 
estimates of biogenic production of N2 gas estimated from N2/Ar ratios at several 
locations within the Cariaco Basin during both the upwelling and non-upwelling 
seasons. We tested the hypothesis that the biogenic production of nitrogen gas 
varies spatially and that it also changes temporally within anoxic waters of the 
basin in response to changes in the flux of organic matter. We also compared 
DIN deficits in the water column with excess nitrogen measurements to 
understand whether the removal of fixed nitrogen by denitrification is balanced by 
the biogenic production of N2. We assumed that denitrification is the only source 
of biogenic N2, and that neither biological nor physical processes remove 
nitrogen gas from a particular parcel of water below the surface (Devol et al., 
2006; Chang et al., 2010). 
 
 
 
 
 
 77 
MATERIALS AND METHODS 
 
Sample Collection 
 
Samples were collected at 36 stations distributed in the eastern and 
western sub-basins from the R/V Hermano Ginés during two grid-type cruises in 
the Cariaco Basin (1-6 September 2008 and 9-13 March 2009). While all of the 
36 stations were occupied for general oceanographic observations during each 
cruise, dissolved dinitrogen gas (N2) samples were collected at six stations: three 
in the eastern sub-basin (stations 10, 11 and 13) and three in the western sub-
basin (stations 21, 29 and 32) (Fig. 4.1). These stations have water depths 
exceeding 300 m and included the oxic-anoxic interface. Hydrographic data were 
obtained using a SeabirdTM SBE-25 Conductivity-Temperature-Depth (CTD) 
device equipped with an Eco chlorophyll fluorometer (Wetlabs), an SBE43 
dissolved oxygen sensor, and a rosette with 12 Teflon-coated 8L Niskin bottles. 
 
Stations 10 and 21 were located within the 1,300 m isobath of each sub-
basin and therefore featured the deepest profiles of anoxic waters. Station 10 
also coincided with the location of the CARIACO Ocean Time-Series station 
(10.5° N, 64.6° W) sampled monthly since 1996. Stations 11 and 13 were chosen 
to examine changes over small spatial scales. Station 29 was sampled to look for 
possible river discharge influence on local hydrographic conditions, as it was 
closer to the mouth of the Tuy River (Fig. 4.1), the largest river discharging into 
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the Cariaco Basin. Finally, station 32 was selected to evaluate the effect of influx 
of Caribbean waters through Centinela Channel (Fig. 4.1). 
 
 
 
 
Figure 4.1. Location of stations sampled in the Cariaco Basin for excess nitrogen 
gas and nitrogen isotopes (marked with circles) during both September 2008 and 
March 2008. Station 10 corresponds to the CARIACO Ocean Time-Series station 
(10.5º N, 64.7º W). Dashed lines trace the general bathymetry of the basin.   
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Chlorophyll a and nutrient samples were collected at the 36 stations 
during each cruise, from the surface to 100 m (1, 20, 30, 50, 100 m); below this 
depth chlorophyll concentrations are undetectable (or very low). An additional 
sample for chlorophyll a concentration was collected at the depth of the 
chlorophyll maximum (DCM) as determined by fluorescence measurements. 
Water for chlorophyll analyses was collected from the Niskin bottles into 1 L dark 
polyethylene bottles. Five hundred ml sub-samples were immediately filtered 
through 25 mm Whatman GF/F filters using a vacuum of less than 100 mmHg. 
The filters were kept frozen until analysis. Chlorophyll a was extracted from the 
GF/F filters with 10 ml of methanol and fluorescence was measured with a 
Turner Designs model 10 fluorometer (Falkowski and Kiefer, 1985; Holm-Hansen 
et al., 1965). 
 
At the stations selected for the nitrogen analyses, nutrient samples were 
taken at 1, 20, 50 and 100 m at stations 10, 11, 13 and 29, and at the surface at 
stations 21 and 32. Nutrients determinations were conducted at the Oceanic 
Nutrient Laboratory of the University of South Florida following the protocols by 
Gordon et al. (2000) and Strickland and Parsons (1972). 
 
Water for the dissolved nitrogen gas analyses was collected using the 
Niskin bottles. Samples were taken at 1, 50, 100, 200, 275, 300, and 400 m at 
the six stations selected for this study. At stations 10 and 21, additional samples 
were collected at 500, 750, and 1300 m. Samples were collected into 60 ml 
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Biological Oxygen Demand (BOD) bottles using the same filling procedure as is 
customary for Winkler O2 determinations. One hundred microliters of saturated 
HgCl2 were added to each sample for preservation. Bottles were sealed with 
glass stoppers; standing seawater was left around the exterior of the glass 
stopper at the mouth of the bottle to inhibit gas exchange with the atmosphere. 
The mouth of the BOD bottle, including the stopper and standing water were 
sealed with a plastic cap to avoid spilling of the standing seawater, and samples 
were kept in a cooler or refrigerator at ~4°C until analysis. 
 
Samples to measure the isotopic composition of ammonium (δ15NH4
+) 
were taken at the same depths as the nitrogen gas samples at the six stations 
selected for this study. Seawater samples were collected in 125 ml HDPE 
bottles. These samples were also used for separate nitrate and ammonium 
determinations, with the aim of completing the vertical nutrient profiles to the 
bottom of the Cariaco Basin. Sulfanilic acid solution (0.5 ml of 2.5 mM solution in 
25% HCl) was added to each sample to remove any nitrite present and to 
preserve nitrate and ammonium concentrations. Samples were stored at room 
temperature. 
 
Gas and Stable Isotope Analyses 
 
High-precision estimates of nitrogen gas and its isotopic composition 
(δ15N2) were carried out at the Laboratory of Marine Biogeochemistry (School of 
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Marine Sciences and Technology, University of Massachusetts Dartmouth) using 
Isotope Ratio Mass Spectrometry (IRMS). Dissolved gasses were extracted from 
each sample by pumping an aliquot at 10 ml/min through a chambered 
microfiber-microporous gas extractor coupled to a continuous flow of He carrier 
gas. The extracted gas was then passed through water, CO2, and O2 traps 
before transferring to a GV IsoPrime IRMS for simultaneous measurements of N2 
(mass 28 and 29) and Ar (mass 40). Gas and isotopic ratios from samples were 
compared against calibrated references of artificial compressed gas mixtures of 
N2 and Ar covering the expected dissolved gas ratios. Further calibration also 
included comparing measurements of gas and isotopic ratios in distilled water 
equilibrated with air at controlled temperatures of 10 and 20°C (±0.01°C) to 
theoretical determinations based on the solubility of these gases. The analytical 
precision of N2/Ar and δ
15N2 measurements was better than 0.3‰ and 0.04‰, 
respectively, and thus the limit of detection of N2 was ~0.3 µM. Finally, excess 
nitrogen gas was derived from deviations of the sample N2/Ar ratio from 
equilibrium values expected from in situ measurements of potential temperature 
and salinity. 
 
The isotopic composition of ammonium (δ15NH4
+) was determined from 
seawater samples with [NH4
+] ≥1µM (i.e. samples at about 250 m). The δ15NH4
+ 
was measured directly from N2O produced by reacting sodium azide (NaN3) 
under acidic conditions with NO2 derived from hypobromide oxidation of NH4
+, 
following the method of Zhang et al. (2007). 
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RESULTS 
 
Hydrographic Data 
 
Average profiles of dissolved oxygen concentration (O2) and density 
(sigma-theta or σθ) were calculated from measurements made at all 36 stations 
sampled during September 2008 and March 2009 (Figure 4.2). For both 
seasons, oxygen concentrations decreased from about 185 µM at the surface to 
~0 µM at 300 m. During March 2009 (upwelling conditions) the [O2] between ~50 
and ~120 m was significantly lower than that during September 2008. Density 
was also higher in the upper 150 m during March 2009. While not significantly 
different between seasons, there is on average higher [O2] between 150 m and 
200 m during March 2009; this is an indication of ventilation during this period. 
Density showed no differences below ~150 m for the two cruises. 
 
Figure 4.3 shows a Salinity (S) versus Potential Temperature (θ) diagram 
for stations selected for gas measurements during the two cruises. The similarity 
in profiles for the two seasons indicates that water masses below the sill in the 
Cariaco Basin during the two sampling periods are also similar. During 
September, stations in the western sub-basin (stations 21, 29 and 32) showed 
lower salinities near the surface than those in the eastern sub-basin (stations 10, 
11 and 13). This water is derived from the western tropical North Atlantic and the 
Caribbean Sea, which are influenced by the Amazon and Orinoco River, 
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although this river water is very dilute in this common surface water for the 
region. The salinity maximum, which is associated with Subtropical Underwater 
(SUW), shows a slight warming during the upwelling season as it is exposed to 
sunlight in surface waters. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.2. Average oxygen and density (sigma theta, σθ) profiles in the upper 
400 m of the Cariaco Basin constructed from all 36 stations sampled during 
September 2008 and March 2009. 
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Figure 4.3. Salinity versus potential temperature (θ) in the Cariaco Basin at 
stations used for excess nitrogen gas measurements during September 2008 
and March 2009. 
 
 
Nutrients and Chlorophyll a 
 
Nutrient concentrations show significant differences in the upper 100 m 
between September 2008 and March 2009 (Fig. 4.4). Concentrations were 
higher in March 2009 between the surface and ~50 m as a result of upwelling. 
Nitrite and phosphate concentrations in the top 100 m were below 1 µM in both 
seasons. During both seasons, a peak in [NO3
-] of 10-12 µM was observed at  
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Figure 4.4. Average nutrient profiles in the Cariaco Basin from stations sampled 
for excess nitrogen gas during September 2008 (blue lines) and March 2009 (red 
lines). 
 
200 m; [NO3
-] declined to <0.5 µM at 300 m. [NH4
+] was low but variable near the 
surface (<1 µM), with slightly higher concentrations in the upper 50 m during 
March 2009 compared to September 2008.  Ammonium concentrations showed 
a minimum at 200 m in both seasons. From 250 m to the bottom [NH4
+] 
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increased at a rate of ~0.04 µM m-1 reaching values as high as ~23 µM at 1300 
m (stations 10 and 21). For both seasons, there is virtually complete utilization of 
nutrients in surface waters. 
 
The deep chlorophyll maximum (DCM) was at 50-65 m in September 2008 
(0.48 ±0.12 µg L-1; Table 3.1), and shoaled to 20-50 m in March 2009 (1.04 ±0.60 
µg L-1). This is symptomatic of upwelling in the region (Astor et al., 2003). Even 
during upwelling, chlorophyll a concentrations at the DCM in the eastern sub-
basin did not exceed 0.60 µg L-1, while in the western sub-basin concentrations 
were substantially higher (1.15-2.10 µg L-1). 
 
Table 3.1. Location, depth sampled, and chlorophyll a concentration at the depth of chlorophyll 
maximum (DCM) at stations sampled for excess N2 during September 2008 and March 2009 in 
the Cariaco Basin. 
 
   
September 2008 March 2009 
Station # 
Latitude 
(ºN) 
Longitude 
(ºW) 
WC depth 
(m) 
[Chl-a] 
(µg/L) 
DCM 
(m) 
[Chl-a] 
(µg/L) 
DCM 
(m) 
10 10.5 64.7 1300 0.31 50 0.60 20 
11 10.7 64.7 400 0.61 57 0.60 33 
13 10.5 65.0 400 0.63 61 0.54 42 
21 10.7 65.7 1300 0.42 50 1.25 43 
29 10.7 65.9 400 0.42 65 1.15 38 
32 10.8 65.7 400 0.52 50 2.10 50 
 
N2/Ar Ratios  
 
The nitrogen gas concentration measured in Cariaco samples was 
normalized to the concentration of argon (N2/Ar ratios). This eliminates artifacts 
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related to changes in gas concentration caused by physical effects due to 
variations in temperature and salinity on the dissolution of N2. N2/Ar ratios were, 
in turn, normalized to ratios at atmospheric equilibrium (N2:Arsample/N2:Aratm. 
equilibrium) to detect departures of nitrogen gas concentrations from expected 
equilibrium values which can be caused by air injection or other processes (Craig 
and Weiss, 1971). Vertical distributions of N2/Ar ratios at each station during both 
cruises are shown in Figure 4.5a. For both sampling periods, normalized N2/Ar 
ratios in the upper 100 m were close to equilibrium (~0.995-1.005) at all stations, 
but reached maxima of between ~1.015 and ~1.033 at the oxic-anoxic interface 
(250-300 m). Below this depth, N2/Ar ratios decreased slightly and remained 
fairly constant below about 400 m. 
 
Excess [N2] 
 
Profiles of excess nitrogen gas concentration ([N2]xs) are shown in Figure 
4.5b. In September surface waters in the upper 100 m were warmer by upwards 
of 4ºC compared to March and stratified, and undersaturated in [N2] by up to ~8 
µM. In March 2009 nitrogen gas in surface waters was in equilibrium with the 
atmosphere. Waters ≥200 m showed supersaturation of dissolved N2 at all 
stations during both cruises. The [N2]xs at 200 and 250 m varied among stations 
by approximately ±5 µM during both periods. Maximum excess nitrogen gas 
occurred at the oxic-anoxic interface (250-300 m) in all stations and in both 
sampling periods. Excess nitrogen gas decreased by 1-3 µM at depths below  
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Figure 4.5. N2/Ar, excess N2 concentrations and the δ
15N2
xs. Profiles of N2/Ar 
ratios (a), excess nitrogen gas concentrations (b) and the isotopic composition of 
excess nitrogen gas (c) in the Cariaco Basin were normalized to values at 
atmospheric equilibrium. Blue and red symbols correspond to measurements 
from September 2008 and March 2009, respectively. The vertical dotted line 
indicates the theoretical value at atmospheric equilibrium. 
 
400 m. In addition, samples collected at 300-400 m at four stations during the 
upwelling period (March 2009) had significantly higher concentrations of excess 
N2 (nearly 3-6 µM) than those at the same stations during the relaxation period 
(September 2008) (Figure 4.6). This was not observed at stations 10 (in the 
center of the eastern basin) and 29 (located in the western Basin near the Tuy 
River). Samples in this depth interval in the western sub-basin (21, 29 and 32) 
had higher excess N2 than samples from the eastern sub-basin (10, 11 and 13) 
(Table 3.2). 
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Figure 4.6. Mean excess nitrogen gas concentration at the oxic-anoxic interface. 
[N2]xs measurements from samples collected at 300-400 m in the Cariaco Basin 
are shown for the eastern (stations 10, 11 and 13) and western (stations 21, 29 
and 32) sub-basins during September 2008 and (blue bars) March 2009 (red 
bars). 
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Table 3.2. Mean excess nitrogen gas concentrations at 300-400 m in the 
eastern and western sub-basins of the Cariaco Basin in September 2008 
and March 2009. 
 
Mean [N2]xs (µM N) 
Sub-basin September 2008 March 2009 
   
Eastern                 
(Stations 10, 11 and 13) 
23.5 ±1.7 26.7 ±2.3 
   
Western                 
(stations 21, 29 and 32) 
25.9 ±1.3 28.3 ±1.7 
 
 
N2 and Ammonium δ
15N 
 
The isotopic composition of the excess nitrogen gas (δ15N2
xs) displays 
clear depth-dependent changes (Figure 4.5c). Excess N2 was depleted in 
15N at 
the oxic-anoxic interface in almost all stations during both cruises, and δ15N2
xs 
was as low as -109‰ (station 10) and -49‰ (stations 29 and 32) during the 
upwelling period. Samples from 200-400 m were usually more depleted in March 
2009 than in September 2008. The δ15N2
xs below 400 m was close to 
atmospheric values or even consistently enriched in 15N. 
 
The average isotopic composition of ammonium decreases systematically 
with depth below 200 m, with little difference between the two sampling periods 
(Figure 4.7). The mean δ15NH4
+ at the oxic-anoxic interface (300 m) was 7.7±0.9 
in September and 7.9±1.3 in March, decreasing with depth and reaching values 
of 4.7-4.1 at 1,300 m (stations 10 and 21).  
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Figure 4.7. Average δ15NH4
+ profiles in the Cariaco Basin from stations sampled 
for excess nitrogen gas during Fosa 1 (dashed line) and Fosa 2 (continuous line) 
cruises.  
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DISCUSSION 
 
Profiles of N2/Ar Ratios and Excess N2 
 
Surface waters of the Cariaco Basin were undersaturated in nitrogen gas 
with respect to the atmosphere during both sampling periods (Fig. 4.5a and 
4.5b), being slightly more pronounced during the stratified period than during 
upwelling. Two mechanisms can cause this: nitrogen fixation and/or surface 
water heating without gas reequilibration. Nitrogen fixation by diazotrophic 
organisms removes dinitrogen gas. Higher nitrogen fixation rates and higher 
Trichodesmium spp. abundances have been observed during the summer-fall 
stratification period within Cariaco waters (Montes et al., in review) and in the 
Caribbean and the tropical Atlantic (Capone et al., 2005; Montoya et al., 2002). 
However, the biological removal of dissolved nitrogen is negligible compared to 
physical processes such as air-sea gas exchange and bubble injection. For 
example, rates of N2 consumption by diazotrophs measured at the Hawaiian 
Ocean Time-series (HOT) are nearly two orders of magnitude lower than the net 
fluxes of nitrogen gas between the ocean and the atmosphere (5 x 10-4 versus 
100-200 x 10-4 mol N.m-2d-1, respectively; Emerson et al., 2002). Hence, heating 
is probably responsible for the apparent undersaturation observed in September 
2008 when sea surface temperatures (SST) reached values above 29 °C. High 
SST’s can also introduce artifacts in dissolved N2 measurements as a result of 
solubility differences between N2 and Ar. The outgassing of nitrogen gas is 
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greater relative to that of Ar at high temperatures, possibly accentuating 
undersaturation. 
 
Excess N2 concentrations are relatively stable in the upper 100 m during 
both sampling periods and then increase with depth below 200 m as dissolved 
oxygen decreases and denitrification begins. The [NO3
-] profile clearly shows the 
consumption of nitrate between ~200 m and 300-400 m by denitrification (Fig. 
4.4). In most stations, the highest [N2]xs (~12-30 µM N; average= 23.8 µM N) was 
measured at 250-300 m (Fig. 4.5). Dissolved excess nitrogen gas may be 
expected to increase below this depth horizon since waters below the sill have 
accumulated N2 from denitrification supported by nitrate-rich mid-depth 
Caribbean Sea waters that originally filled the basin (Richards and Benson, 
1961). However, concentrations decreased by 1-3 µM below this depth and 
remained around ~24 µM N below 400. This suggests that the [N2]xs maximum 
detected at the redoxcline reflects the combined effects of denitrification of nitrate 
coming from the Caribbean as ventilation events, and denitrification of DIN 
generated by the decomposition of sinking organic matter. A possible additional 
source to the redoxcline’s biogenic N2 inventory is the contribution from 
sedimentary denitrification in sediments exposed to sub-oxic conditions ([O2] <4-
2 µM at ~250-300 m) from the surrounding shelf and slope. 
 
Our profiles of N2/Ar ratios and excess nitrogen gas are similar to the 
earlier profiles measured by Richards and Benson (1961) in the Cariaco Basin. 
 94 
They found the mean [N2]xs within anoxic waters (~400-1200 m) to be 20.7 ±2.1 
µM N, or ~25% lower than our average [N2]xs of 25.0 ±1.8 µM in the same depth 
range in the eastern sub-basin (stations 10, 11 and 13). These are the only two 
observations of [N2]xs that we know of in the Cariaco Basin. The difference 
suggests that biogenic nitrogen gas has been accumulating in the basin at a rate 
of ~0.08 µM.y-1 (from 1957 to 2009). We see a concurrent increase in phosphate, 
ammonium and silicate concentrations (0.035-0.037, 0.28-0.62 and 0.85-1.3 µM 
y-1, respectively; Scranton et al., 2006; Zhang and Millero, 1993). The increase in 
phosphate better matches Redfield stoichiometry when both the accumulation 
rate of biogenic nitrogen gas (0.08 µM.y-1) and ammonium (0.45 µM.y-1; average 
based on values reported above) are accounted for; the DIN/PO4
3- ratio of the 
accumulation rate is 14.7 ([0.08 + 0.45]:0.036) if biogenic N2 is considered and 
12.5 when it is not. 
 
Biogenic N2 Production and Upwelling 
 
The higher concentrations of excess N2 measured immediately below the 
oxic-anoxic interface at 300-400 m in March 2009 (upwelling) compared to 
September 2008 (non-upwelling; Fig. 4.6) suggest that denitrification and the 
production of biogenic N2 are stimulated during upwelling in the Cariaco Basin. 
The upwelling period usually is associated with higher fluxes of settling 
particulate organic matter (Thunell et al., 2007). Enhanced vertical transport of 
particulate organic matter can be an important supply of fixed nitrogen to the 
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oxic-anoxic interface; degradation of the flux releases ammonium that can be 
utilized by bacteria. This is consistent with finding by Fuchsman et al. (2008) in 
the Black Sea, who observed higher production of biogenic nitrogen gas in years 
that had large phytoplankton blooms compared to those in which phytoplankton 
abundances were lower.  
 
Experimental observations have shown that heterotrophic denitrification 
has a strong fractionation effect (20-30‰), producing isotopically-depleted 
dinitrogen gas and leaving the remaining fixed nitrogen enriched in 15N (Cline 
and Kaplan, 1975; Sigman et al., 2005; Voss et al., 2001). Higher fluxes of 
organic matter during upwelling could lead to more available DIN at the 
redoxcline due decomposition, which would improve the ability of denitrifiers to 
select isotopically light nitrogen and further increase the 15N-depletion in the 
nitrogen gas produced at this time. This is consistent with our observations of 
lower δ15N2
xs in March 2009 than in September 2008. However, we did not 
observe a difference in nutrient concentrations at the oxic-anoxic interface 
between the two sampling periods. Two possible mechanisms can explain this 
observation: (1) DIN from organic matter remineralization is immediately 
consumed by denitrification and thus does not accumulate; or (2) seasonal 
changes in nutrient concentrations at the redoxcline may occur within very 
narrow depth intervals (as reported by Scranton et al., 2006), and were possibly 
not detected due to poor vertical sampling. 
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The vertical transport of decaying organic nitrogen is an important source 
of ammonium for the entire water column. This ammonium can be oxidized into 
nitrogen gas. The NH4
+ originating from settling organic particles can be 
incorporated into non-canonical nitrogen pathways such as coupled nitrification-
denitrification in which nitrifiers can exploit the newly generated ammonium at the 
oxic-anoxic interface, producing nitrite and nitrate that can in turn be utilized by 
heterotrophic denitrifiers. Another plausible utilization pathway of the NH4
+ is 
anammox (anaerobic ammonium oxidation: NO2
- + NH4
+ → N2 + 2H2O; 
Dalsgaard et al., 2005; Jetten et al., 2003). Although we do not have nitrite 
measurements at or near the oxic-anoxic interface for our two sampling periods, 
historical nutrient records from the CARIACO Program indicate that NO2
- is often 
present at the redoxcline in high enough concentrations to fuel the anammox 
reaction (Scranton et al., 2006). 
 
We cannot determine whether ammonium contributed to the production of 
biogenic nitrogen gas via coupled nitrification-denitrification or through anammox, 
or both. The δ15NH4
+ profile indicates that ammonium is more enriched at the 
oxic-anoxic interface than deeper in the water column (Fig. 4.7; see also Thunell 
et al., 2004); this indicates utilization of ammonium by bacteria within the 
redoxcline. Consequently, use of NH4
+ by nitrifying and/or anammox bacteria 
could be responsible for the observed seasonal variability in excess N2 in 
Cariaco. 
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An alternative explanation for the increase in excess nitrogen gas is water 
mass intrusions at intermediate depths. Episodic intrusions of oxygen-rich water 
masses deepen the oxic-anoxic interface in the Cariaco Basin. These alter the 
vertical distribution of redox sensitive species such as hydrogen sulfide, iron and 
manganese oxides, and ammonium, among others (Percy et al., 2008; Scranton 
et al., 2001; 2006). Dissolved oxygen concentrations were higher between ~150 
and ~200 m in March 2009 compared to September 2008, indicating an intrusion 
during the upwelling period (Fig. 4.2). The supply of oxygen to the redoxcline 
would stimulate nitrification, and enhance the abundance of NOx available for 
denitrifiers. Also, the intrusion of nitrate-rich waters from the Caribbean would 
enhance denitrification at the oxic-anoxic interface.  
 
DIN Deficit and Excess Nitrogen Gas 
 
We estimate the DIN deficit (Ndef) in the basin as the amount of fixed 
nitrogen that has been removed by denitrification (Chang et al., 2010; Devol et 
al., 2006). The Ndef is calculated by subtracting the observed DIN (Nobs) from the 
total expected fixed nitrogen (Nexp= [NO3
-] + [NO2
-] + [NH4
+]) based on in situ 
phosphate concentrations and Redfield stoichiometry. The expected DIN 
abundance is typically obtained by plotting DIN versus phosphate concentrations 
measured in waters with dissolved oxygen above ~65 µM (Devol et al., 2006); for 
our work we used nutrient data collected in the upper 100 m at the 36 stations 
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(n= 172) sampled during both cruises (Fig. 4.8). Nexp is then calculated by linear 
regression:  
 
Nexp= 17.8(Pobs) + 0.17  
 
where Pobs corresponds to in situ phosphate concentration. The positive Y-
intercept indicates the DIN remaining when the phosphate concentration is zero. 
A slope of 17.8 in Cariaco was larger than N:P relationships from the Eastern 
Tropical South Pacific (15.8) and the Arabian Sea (14.9) (Chang et al., 2010; 
Codispoti et al., 2001, respectively), and indicates local or regional nitrogen 
fixation. The DIN deficit then is: 
Ndef= (Nexp - Nobs)*0.86 
 
where 0.86 is a factor that removes the effect of ammonium input to the DIN pool 
from organic matter remineralization (Gruber and Sarmiento, 1997). 
 
We based Ndef estimates on monthly observations at the CARIACO 
Station (station 10 in this study) for 2008-2009 since no nitrite or phosphate 
measurements were made at depths below 100 m during our cruises. We believe 
that these are representative for the basin because the vertical nutrient profiles 
within each season were similar among all stations during the regional cruises at 
the oxic-anoxic interface (Fig. 4.4). 
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Figure 4.8. Phosphate versus DIN concentrations in the upper 100 m of the 
Cariaco Basin, measured at all 36 stations during Fosa 1 (September 2008) and 
Fosa 2 (March 2009) cruises. Best fit linear regression is shown. The standard 
error of the fit is 0.4. 
 
 
DIN deficits in September 2008 and March 2009 were calculated by 
averaging the Ndef for the CARIACO observations between August and October 
2008, and between February and April 2009, respectively (Figure 4.9). Combined 
nitrogen deficits in the upper ~120 m were nil, as expected, during both seasons, 
but increased in waters with low oxygen (≥200 m). 
 
The mean profiles of [N2]xs and Ndef were similar between 200 and 300 m, 
suggesting that excess N2 effectively reflects the amount of combined nitrogen 
removed by denitrification in this region. But the Ndef was significantly larger than 
the concentration of biogenic N2 at 300 m and deeper. We attribute this to the  
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Figure 4.9. Excess nitrogen gas and DIN deficits in the Cariaco Basin. Average 
profiles of excess nitrogen gas concentrations ([N2]xs) and DIN deficits (Ndef) are 
shown in dots and lines, respectively. Blue and red colors correspond to 
measurements in September 2008 and March 2009, respectively. The vertical 
dashed line shows the theoretical value of [N2]xs at atmospheric equilibrium. The 
horizontal dashed lines indicate the upper and lower boundaries of low oxygen 
conditions; the lower horizontal dashed line indicates the depth of sub-oxic 
conditions. Mean Ndef for September 2008 and March 2009 were calculated 
using data from the CARIACO Time-series collected between August and 
October 2008, and February and April 2009, respectively. The dotted lines are 
one standard deviation of the mean Ndef. 
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accumulation of phosphate in the basin, as previously reported by Scranton et al. 
(2006) and Zhang and Millero (1993), which magnifies the apparent DIN deficit. 
The accumulation of phosphate from organic matter remineralization is not 
accompanied by that of nitrate/nitrite due to consumption by denitrification. 
Hence, the absence of nitrate and nitrite in waters that accumulate phosphate 
cause the Ndef to be artificially enhanced. 
 
These observations support the conclusion of Chang et al. (2010) that 
accurate measurements of excess N2 provide a useful means for estimating 
denitrification rates in oxygen minimum zones as they avoid complications with 
the use of DIN deficits. Other potential problems of using DIN deficits calculated 
from PO4
3- include variable N:P ratios, the scavenging of phosphate by redox 
species such as iron and manganese oxides, or (specifically for Cariaco) the 
accumulation of phosphate and ammonium below the oxic-anoxic interface. 
Although we did not determine background or absolute concentrations of excess 
nitrogen gas, which would provide information about the contribution from 
physical processes (i.e., supersaturation due to bubble injection) to the excess 
N2 inventory (Chang et al., 2010; Devol et al., 2006), we think that excess 
nitrogen gas in the Cariaco Basin is mainly of biological origin since it is in good 
agreement with DIN deficits. 
 
Our observations suggest that Ndef is a robust parameter for quantifying 
the sink of fixed nitrogen in Cariaco and in low oxygen environments in general. 
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We conclude that Ndef is a useful tool for complementing information provided by 
the N* parameter, and should be considered in future studies addressing 
questions regarding the state of the contemporary global nitrogen cycle. 
 
CONCLUSIONS 
 
In this study we evaluated changes in excess N2 concentrations in the 
Cariaco Basin under contrasting climatic conditions (upwelling versus non-
upwelling conditions).  Excess N2 concentrations ([N2]xs) were nil at the surface, 
and increased to ~12-30 µM N at the oxic-anoxic interface (250-300 m) and 
deeper. Our [N2]xs estimates are ~25% larger than those from Richards and 
Benson (1961), suggesting that biogenic N2 has been accumulating in the basin 
at a rate of ~0.08 µM.yr-1. 
 
[N2]xs was higher by ~3-6 µM N at 300-400 m during the upwelling period 
(March 2009) than when the basin was thermally stratified (September 2008). 
We also found that the isotopic composition of excess N2 was lighter during the 
upwelling period, suggesting that fixed nitrogen is more available for denitrifiers 
during this time. Higher DIN availability in Cariaco’s oxic-anoxic interface during 
the upwelling period may result from enhanced vertical transport of organic 
matter. 
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Water column denitrification at the oxic-anoxic interface of the Cariaco 
Basin appears to be stimulated during the upwelling period. We attribute this 
observation to two mechanisms: (1) increased supply of sinking organic nitrogen 
and/or (2) ventilation of the oxic-anoxic interface by intermediate oxygenated and 
nitrate-rich Caribbean waters. 
 
The ammonium 15N/14N ratio was more enriched at the oxic-anoxic 
interface than at greater depths (7.7 ± 1.1‰ at 250-300 m versus 4.1‰ at 1300 
m). This indicates that NH4
+ is utilized by nitrifiers and/or anammox bacteria, and 
that its contribution to the production of biogenic N2 can be significant. 
 
DIN deficits based on nutrient Redfield stoichiometry are similar to our 
estimates of excess N2 concentrations at the oxic-anoxic interface (250-300 m). 
This suggests that excess N2 is generated mainly by denitrification. Below the 
oxic-anoxic interface, however, DIN deficits are significantly larger than [N2]xs due 
to the accumulation of phosphate, which artificially enhances the DIN deficit. 
 
 
 
 
 
 104 
 
 
GENERAL CONCLUSIONS 
 
This study, conducted within the framework of the CARIACO Ocean Time-
Series Program had three major goals: (1) understanding the relationship 
between the biogenic export flux at the base of the euphotic zone and seasonal 
climate/hydrographic variability in the Cariaco Basin, (2) identifying the effects of 
upwelling on the nitrogen isotopic composition of the vertical flux of particulate 
matter, and (3) determining whether there is a link between upwelling and 
denitrification at the oxic-anoxic interface. 
 
The dissertation was divided into three chapters, each focused on one of 
these goals. The conclusions of each of these chapters are summarized below. 
 
Chapter 1: The first chapter examined whether seasonal changes in primary 
production and phytoplankton biomass are reflected in the magnitude and 
composition of sinking particles in the Cariaco basin at different depths. The most 
relevant findings were that: 
 
 High remineralization rates are present within the upper 150 m: The mean 
fluxes of particulate organic matter (POC fluxes of 0.52 ±0.20 gC.m-2.d-1) 
measured with drifting sediment traps at the base of the euphotic zone at 
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50 m depth decreased by an order of magnitude (0.08 ±0.05 gC.m-2.d-1) at 
150-225m. 
 
 The settling flux of biogenic particles at all depths (50, 100, 150, 225 and 
410 m) was highest typically at the end of the upwelling season (May), 
when primary production and algal biomass at the surface had initiated a 
decline. The lowest flux of biogenic particles was observed during 
September to November, when the water column was strongly stratified 
and surface layers almost completely nutrient-depleted. 
 
 Diatoms are the dominant phytoplankton group affecting the vertical 
transport of POC in the Cariaco Basin, as shown by the close relationship 
between the flux of POC and opal (R2= 0.81, p <0.005). 
 
 Organic matter generated at the surface carries a carbon isotopic 
composition that is effectively preserved throughout the water column. 
Thus, δ13C-POC signals in the sediments can be used to examine past 
biogeochemical changes in near-surface processes. Sinking POC in 
Cariaco was more enriched in 13C during upwelling months (~-19 - -20‰) 
and more depleted during non-upwelling periods (~-21 - -23‰). The δ13C-
POC in the upper 100 m covaried with that of intermediate depths (150, 
225 and 410m). 
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 As found in previous studies, the flux of POC at the base of the euphotic 
zone (50 m) does not correlate with PP. However, POC fluxes within the 
upper 100 m in Cariaco do covary with changes in chlorophyll a 
concentration. 
 
Chapter 2: The second chapter examined the major sources of nitrogen that 
support primary productivity in the Cariaco Basin using stable isotopes as 
tracers. The results advance our understanding of the δ15N paleoclimate signal 
preserved in the basin’s sediments. Based on nine years of δ15N measurements 
from sinking organic matter captured in the basin, we drew the following 
conclusions: 
 
 The 15N/14N ratio of sinking particulate nitrogen varies between 2.9 and 
6‰ and appears to respond to the seasonal upwelling cycle of the basin. 
 
 During months of upwelling the δ15N of the flux is similar to that of 
Subtropical Underwater nitrate (3.5-4‰). It reflects a nitrogen fixation 
signal imported from the oligotrophic North Atlantic. During non-upwelling 
conditions, the δ15N of sinking nitrogen is also 3-4‰, which is indicative of 
either local or regional nitrogen fixation. 
 
 The δ15N-PN increases in May (≥4.5‰) until the end of the summer. This 
15N enrichment in the flux following the end of the upwelling could reflect 
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an increase in the δ15N of the residual nitrate within the euphotic zone 
after selective consumption of 14NO3
- by phytoplankton uptake during the 
upwelling bloom. 
 
 Trichodesmium thiebautii is abundant (8.5 x 107 trichomes.m-2) during the 
stratified period and indicates that nitrogen fixation may occur either within 
the basin or regionally during this period. 
 
 There is a significant positive correlation between sea surface temperature 
and δ15N-PN in the sinking particle flux during upwelling periods (R2= 0.72, 
p< 0.005), suggesting that stronger upwelling events are expressed in 
more 15N depletion of sinking nitrogen. 
 
Chapter 3: The third chapter provides observations of excess nitrogen gas in 
suboxic/anoxic waters of the basin obtained during upwelling and non-upwelling 
conditions. Results from this work support the following assertions: 
 
 Comparisons of this study’s excess nitrogen gas measurements with 
those carried out by Richards and Bensons (1961) suggest that biogenic 
N2 accumulates in the basin at a rate of ~0.08 µM N per year. 
 
 The concentration of excess nitrogen gas, derived from N2/Ar ratios, 
appears to respond to the upwelling cycle of the basin, being ~2-6 µM N 
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higher (p< 0.001) and isotopically lighter during upwelling period than 
during the thermally stratified period. Enhanced excess nitrogen gas at the 
oxic-anoxic interface during upwelling conditions is possibly due to 
increased fluxes of organic nitrogen and/or intrusion of oxygen and nitrate-
rich waters to the oxic-anoxic interface. This suggests that denitrification in 
the basin is temporally dynamic and sensitive to short-scale changing 
environmental conditions. 
 
 Excess nitrogen gas concentrations are strongly correlated (R2= 0.93, p 
<0.001) to dissolved inorganic nitrogen (DIN) deficits derived from 
Redfield N/P stoichiometry, indicating that excess N2 is mainly produced 
by denitrification and thus biogenic in origin. 
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OVERALL CONCLUSIONS 
 
Observations from this study indicate that the settling flux of biogenic 
particulate material and the nitrogen cycle in the Cariaco Basin are highly 
dynamic processes and strongly controlled by the seasonal upwelling cycle of 
this coastal setting. The results also indicate that these two processes are closely 
linked. For example, the magnitude of the vertical transport of organic matter in 
the upper ~150 m is essentially regulated by the injection of fixed nitrogen (as 
well as other nutrients) into the euphotic zone (upper 30-50 m), which triggers 
primary production. The sources of nitrogen for primary productivity are either 
upwelling of cold (~21ºC) sub-surface waters (January to May) or local/regional 
nitrogen fixation (September to November), with the former being more important 
in magnitude than the latter. The amount and geochemical composition of the 
settling flux of organic matter within this depth range respond to variations in 
these sources of nitrogen, and are preserved in the basin’s sediments as 
seasonal variations of surface conditions. Specifically, the carbon isotopic 
composition from sinking particles within the upper 100 m, which reflects DIC 
utilization rates by phytoplankton in surface waters, exhibited seasonal variability 
(enriched during upwelling periods [~-19‰] and depleted during non-upwelling 
periods [~-23‰]) and showed a strong correlation to that from POC captured at 
greater depths (150 to 400 m). Carbon fixation rates are, in turn, regulated by the 
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availability of fixed nitrogen and thus by the upwelling of sub-surface waters, so 
the sedimentary δ13C-POC in the Cariaco Basin can be used as a tracer for past 
surface conditions. Further, we observed that the 15N/14N ratio of the settling flux 
of particulate nitrogen expresses the intensity of upwelling; years that had long 
(2-3 months) and cold (SST ≤22ºC) upwelling events coincided with more 15N 
depletion in the settling PN than those in which upwelling periods were short (1 
month or less) and less cold (SST >23ºC). This suggests that variations in the 
δ15N signal in Cariaco’s sediments during sea-level high stand are triggered by 
changes in the upwelling, and consequently by variations in migration patterns of 
the Intertropical Convergence Zone. 
 
The magnitude of the vertical transport of organic matter at depths >200 m 
does not seem to depend in a simple or linear manner to changes in nitrogen 
inputs to surface waters or to primary production. Further, extremely high 
remineralization rates occur in the upper part of the water column; for example, 
the POC flux attenuation from the base of the euphotic zone to ~200 m is of an 
order of magnitude. Our findings indicate that denitrification (bacterial respiration 
using DIN as electron acceptor instead of oxygen) at the oxic-anoxic interface 
(250-400 m) also varies on a seasonal basis in the Cariaco Basin. Specifically, 
the concentration of excess nitrogen gas, a byproduct of denitrification, was 
higher during the upwelling period than during non-upwelling in this study. This 
result suggests that respiration rates of decomposers such as denitrifiers (and 
possibly those of other bacteria) are stimulated by the downward flux of organic 
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matter; in other words, the higher the settling flux of organic matter is at the oxic-
anoxic interface the higher remineralization rates of organic matter will be. 
Hence, the response of denitrification in the low-oxygen part of the water column 
to the flux of organic matter can explain why the settling flux of biogenic 
particulate material does not change proportionally with the observed seasonal 
variations in primary productivity at the surface. This finding is important as it can 
contribute to the understanding of the marine carbon cycling, especially in 
coastal areas where >40% of the carbon burial in the global ocean occurs. 
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